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ABSTRACT 
 In order to better understand the perturbation of the physical and electronic 
structure of graphene monolayers and bilayers due to interactions with the supporting 
substrate, we have utilized scanning tunneling microscopy (STM) and spectroscopy 
(STS) to probe the graphene-substrate interaction for graphene on several different 
semiconducting substrates in ultrahigh vacuum (UHV).  The Si(100) – 2×1:H, 
GaAs(110), InAs(110), and Si(111) – 7×7 surfaces used in this study were prepared in the 
UHV-STM chamber.  We deposited monolayer and bilayer graphene features on the 
surfaces through a dry contact transfer (DCT) technique in the UHV system.  The 
graphene-substrate interaction for the surfaces used in this study varied from quite inert 
and non-perturbing for the Si(100) – 2×1:H surface to highly disruptive and strongly 
interacting for the Si(111) – 7×7 surface.  Graphene monolayer features on the 
GaAs(110), InAs(110), and Si(111) – 7×7 surfaces exhibit a semi-transparency effect 
wherein the atomic structure of the substrate beneath the graphene is clearly resolved 
through the graphene monolayer.  Bilayer graphene features on the GaAs(110) and 
InAs(110) surfaces do not show this behavior; however, bilayer graphene features on the 
Si(111) – 7×7 surface do show the same effect.  STM scans of the features at varying tip-
sample biases reveal the different graphene-substrate interactions for the GaAs(110) and 
InAs(110) surfaces and the Si(111) – 7×7 surface.  STS measurements of monolayer 
graphene quantum dots on the Si(100) – 2×1:H surface show an energy band gap with a 
scaling inversely proportional to the average lateral dimension of the features.  STS 
measurements of graphene on the Si(111) – 7×7 surface show metallic behavior, which is 
expected for the feature sizes studied on this surface.  
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1.   INTRODUCTION 
1.1 Background 
 Since the first reported isolation of a single layer of graphene using a technique 
known as micromechanical exfoliation [1], researchers have devoted much time and 
effort to the study of this remarkable two-dimensional material.  In this time, the field of 
literature devoted to graphene has exploded.  Articles about graphene have even appeared 
in The New York Times [2] and in Popular Science [3].  The attention and hype 
surrounding graphene is not without reason.  The mobility of charge carriers in graphene 
is unusually large with reported values in excess of 15,000 cm2 V-1 s-1 at room 
temperature [4].  For graphene suspended above a substrate, researchers have found 
electron mobilities in excess of 200,000 cm2 V-1 s-1 at low temperatures [5].  In fact, the 
intrinsic, room-temperature mobility for graphene is predicted to exceed 200,000  
cm2 V-1 s-1 in the absence of extrinsic perturbations or disorder [6], [7].  Furthermore, the 
quantum Hall effect is observable at room temperature in graphene [8], and ballistic 
transport on the scale of hundreds of nanometers is possible [4], which make graphene an 
ideal system in which to study low-dimensional physics and ballistic conduction.  
Beyond merely fantastic electronic properties, the thermal conductivity of graphene 
exceeds that of the best bulk thermal conductor, diamond, and that of carbon nanotubes 
[9].  Since graphene is compatible with standard lithographic techniques, these properties 
make graphene a very attractive material for potential integration into future 
nanoelectronic devices.   
 Graphene is a single atomic layer of sp2-bonded carbon atoms arranged in a 
honeycomb lattice [10].  Graphene can be considered as a two-dimensional hexagonal 
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Bravais lattice with a two-atom basis per unit cell [10], [11].  Figure 1.1 shows the lattice 
structure of graphene along with a potential unit cell choice outlined in red to help 
illustrate that graphene has a two-atom basis.  Alternatively, the unit cell can be chosen as 
one of the hexagons of the lattice.  The atoms in the basis comprise two sublattices, 
which are labeled as sublattices A and B in Figure 1.1.  There are two sets of edge 
symmetry directions in the graphene lattice called zigzag and armchair.  Figure 1.2 shows 
a graphene lattice with one of the zigzag symmetry edges labeled and one of the armchair 
symmetry edges labeled.  The spacing between individual carbon atoms in the graphene 
lattice is 1.42 Å.  From the geometry of the graphene lattice, one can find that the spacing 
between carbon atoms along the zigzag directions is approximately 2.45 Å.  Similarly, 
the spacing between atoms along the armchair symmetry directions is 2.84 Å.  These 
spacings are also labeled in Figure 1.2.   
 Like the direct lattice, the Brillouin zone of the graphene is also a hexagon, where 
the vertices are alternately known as the K and K’ points [10]; there are three of each.  
Figure 1.3a shows the first Brillouin zone (BZ) for graphene with the high-symmetry 
points, Γ, M, K, and K’, labeled.  The in-plane carbon-carbon bonds are also known as σ 
bonds and satisfy three of the valence electrons on each carbon atom.  The remaining p 
orbital valence electrons on each carbon atom perpendicular to the graphene plane form a 
π band that is half-filled [10], [12].  Near the inequivalent K and K’ points of the BZ, the 
energy-momentum dispersion relationship is linear with the conduction and valence 
bands just touching [13] as shown in Figure 1.3b.  This leads to the semimetallic behavior 
of graphene, which can also be thought of as a zero-gap semiconductor.  The energy-
momentum dispersion relation near these six points of the BZ is given by  
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E k( ) = hvF k , (1.1) 
where   
 
h  is Planck’s constant divided by 
 
2" , 
 
vF "1.1#10
6m s is the Fermi velocity, and 
 
k is the electron wavevector [10].  Due to this linear dispersion relation near the K and 
K’ points, electrons in graphene are better described by the Dirac equation for relativistic 
particles than the Schrödinger equation and are often called “massless Dirac fermions” 
[12].  Hence, the six K and K’ points in the graphene BZ are often called the Dirac 
points.  This linear dispersion is also the reason that the mobility of carriers in graphene 
predicted by theory and confirmed with experiments as indicted earlier is so large [6], [7].  
In relation to the carrier mobilities, the symmetry of the band structure implies that the 
electron mobility and hole mobility should be the same.  This is certainly not the case 
with high-mobility bulk semiconductors like InSb and other III-V semiconductors or with 
bulk Si [4].  Also note that the density of states (DOS) at these so-called Dirac points is 
zero.   
 Since the π bands so strongly determine the properties of graphene, anything that 
interacts with the π orbitals will change the electronic structure of the graphene.  Indeed, 
the dispersion of bilayer graphene, where the two graphene layers are stacked as in 
graphite in the so-called Bernal stacking arrangement, is parabolic near the K and K’ 
points of the BZ [10].  Furthermore, researchers have also shown that varying the carrier 
concentration in each layer of the graphene bilayer by doping or by applying an 
electrostatic potential bias can open a small energy gap between the valence and 
conduction bands [14], [15].   
 Despite the fantastic measured low-field carrier mobilities for graphene, the 
material has no band gap in bulk form.  Hence, the ability to turn off any transistors made 
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from graphene and achieve acceptable ratios of on-state current to off-state current is 
greatly hampered.   However, simulations of graphene monolayers confined laterally to 
form narrow graphene nanoribbons (GNRs) predict that they will have an energy band 
gap for GNRs narrower than approximately 20 nm [4], [16], [17], depending on edge 
structure [18].  Many researchers have verified the predicted opening of a band gap by 
extracting band gaps from transport measurements of GNRs [16], [19].  The theory 
suggests that there is a different band gap scaling for graphene nanoribbons with zigzag 
symmetry edges versus those with armchair symmetry edges [17], [18], [20].  While none 
of these transport experiments has found the predicted dependence on edge structure, this 
is likely due to edge disorder in the GNRs measured [21].   
 
1.2 Motivation 
Understanding the electronic and topographic properties of graphene on the 
atomic scale will be critical to any attempts to integrate graphene into future 
nanoelectronic devices.  Experimental studies of graphene on SiC surfaces [22] and 
simulations of graphene on SiO2 [23] and GaAs(110) [24] surfaces have shown that the 
graphene-substrate interaction plays a crucial role in determining the electronic and 
topographic structure of graphene.  Ultrahigh vacuum scanning tunneling microscopy 
(UHV-STM) is an ideal method to probe the connection between the electronic and 
atomic structure of graphene.  With its sub-angstrom vertical resolution and atomic 
lateral resolution, STM can accurately determine the structure and the topography of 
graphene.  Using scanning tunneling spectroscopy (STS) allows one to probe the local 
electronic structure of the graphene and correlate it with the structure and topography of 
 5 
the graphene.  With these capabilities, STM and STS are ideal techniques to probe the 
local interaction between graphene and different substrates at the atomic scale.  By 
varying the crystalline structure and atomic species of the substrate, we can 
systematically vary the interaction of the substrate with the π orbitals of the graphene and 
probe the effect of the graphene-substrate interaction.   
The use of semiconductor surfaces as the substrates on which the graphene is 
supported also allows the study of the edges of the graphene features.  This was not 
possible in prior STM studies of mechanically exfoliated graphene on SiO2 surfaces [25]-
[27], due to the inability to scan the oxide surface adjacent to the graphene with the STM 
tip.  As described above, there is a disagreement between the theoretical predictions and 
the experimental measurements with regard to the predicted edge-symmetry dependence 
of the band gap scaling for GNRs.  The transport measurements used to extract the band 
gap of these GNRs are a macroscale measurement that averages over the locally varying 
electronic structure of the GNRs that arises due to their edge structure, as described by 
Querlioz et al. [21].  However, STM and STS measurements of GNRs on semiconducting 
or conducting surfaces would allow the identification of the local electronic structure 
with the corresponding edge structure of the GNRs.  Additionally, prior to the beginning 
of STM studies of nanometer-sized graphene on Si(100) – 2×1:H surfaces by Dr. Kyle 
Ritter in our research group, no group had yet reported the observation of the predicted 
finite energy band gap due to confinement with STM and STS.   
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1.3 Thesis Statement and Structure 
 As outlined above, STM and STS are ideal tools for the study of graphene-
substrate interactions with atomic resolution.  Since graphene will most likely be 
supported on a substrate in any potential nanoelectronic device incorporating graphene, a 
detailed understanding of the electronic structure of graphene on the atomic scale, and of 
any fluctuations or perturbations due to the substrate interaction, is required.  To that end, 
the aim of this thesis is to bridge this gap in understanding by studying the graphene-
substrate interactions for graphene deposited on the Si(100) – 2×1:H , GaAs(110), 
InAs(110), and Si(111) – 7×7 surfaces with the exceptional resolution capable through 
UHV-STM.  Based on prior STM studies of single-walled carbon nanotubes (SWCNTs) 
on Si(100) – 2×1:H [28], GaAs(110) [29], [30], and InAs(110) [30] surfaces and the 
structure of the Si(111) – 7×7 surface reconstruction [31], we expect that the relative 
degree of perturbation from the substrate interaction will increase from the Si(100) – 
2×1:H surface, through the GaAs(110) and InAs(110) surfaces, to the Si(111) – 7×7 
surface.   
Chapter 2 reviews the materials and methods used in this study with space 
devoted to the discussion of the theory and operation of a scanning tunneling microscope 
(STM) and scanning tunneling spectroscopy (STS).   Chapter 3 describes the STM and 
STS results for graphene on the Si(100) – 2×1:H, GaAs(110), and InAs(110) surfaces.  
The STM and STS results for graphene on the Si(111) – 7×7 surface are described in 
Chapter 4.  A summary of the results and conclusions and some potential future 
directions for this work and STM studies of graphene are given in Chapter 5.   
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1.4 Figures 
 
 
 
 
 
 
 
 
 
Figure 1.1 The graphene lattice is a honeycomb structure that consists of a unit cell 
with a two-atom basis. The atoms in the basis comprise two sublattices, 
labeled here as A and B. The red diamond indicates one possible choice of a 
primitive unit cell and shows that each unit cell contains two atoms. 
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Figure 1.2 The graphene lattice with the high-symmetry direction edges labeled. The 
double-dashed blue line edge corresponds to one of the armchair edges, and 
the red dashed line corresponds to one of the zigzag edges. The nearest-
neighbor carbon-carbon atomic spacing is 1.42 Å. The atomic spacing along 
the zigzag directions is approximately 2.46 Å, and the spacing along the 
armchair directions is 2.84 Å. 
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Figure 1.3 (a) This diagram shows the first Brillouin zone of graphene with the 
important symmetry points marked.  The zone center is Γ, the middle of the 
zone edge is M, and the vertices are K and K’. (b) The linear energy-
momentum relation for low energies near the K and K’ prime points is 
described by the so-called Dirac cones as shown here. 
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2. EXPERIMENTAL METHODS AND MATERIALS 
 
2.1 Scanning Tunneling Microscopy  
 The scanning tunneling microscope (STM) is a powerful surface science tool 
invented in 1981 by IBM Zürich Research Laboratory scientists Gerd Binnig and 
Heinrich Rohrer [32], [33], for which they and the designer of the first conventional 
electron microscope, Ernst Ruska, split the Nobel Prize in Physics in 1986 due to the 
revolutionary effect of the new tool.  The STM is a unique instrument in its ability to 
characterize the electronic and topographic properties of surfaces with angstrom-level 
resolution.  Among the first accomplishments of the then-new STM was the first real-
space image of the reconstructed Si(111) – 7×7 surface [34].  The information provided 
by these STM images helped Takayanagi et al. [31] synthesize their dimer–adatom–
stacking model settling the problem of the 7×7 surface reconstruction of Si(111), which 
was more than two decades old at the time [35].  The STM has since been used to write 
atomic-scale patterns [36], [37], study the barrier height between materials [38], and 
study semiconductor and metal surfaces, superconductors, and charge-density wave 
materials [39], [40].   
 
2.1.1 Scanning Tunneling Microscopy Concept and Theory 
 The detection and analysis of the tunneling current between a metallic probe with 
a sharp tip and a conducting surface form the basis for the STM.  Tunneling is a quantum 
mechanical concept based upon the wave-like nature of electrons.  Classically, a particle 
impinging on a barrier with energy less than the barrier height would be reflected with a 
probability of one.  However in quantum mechanics, the state of the electron is described 
 11 
by a wavefunction satisfying the Schrödinger equation whose squared magnitude gives 
the probability of observing the electron near a particular position in space-time.  When 
such an electron encounters a potential energy with a barrier height greater than the 
particle energy, the probability of the particle being in the barrier is no longer zero.  The 
probability decays exponentially into the barrier [41], and for a simple one-dimensional 
system the transmission probability for the particle decays exponentially with the barrier 
width [42].  If the barrier is of finite width and narrow enough, then there is a non-zero 
probability that the incident particle will be in the barrier or on the other side and thus 
have “tunneled” through the barrier.  This is the tunneling current that the STM measures.  
In the case of STM experiments, the barrier is the vacuum gap between the tip and the 
surface, and electrons tunnel from one side to the other.  For the STM systems used in 
this work, the tip is grounded relative to the sample.  When the sample bias is negative 
with respect to the tip, electrons tunnel from the sample to the tip, thus sampling the filled 
states of the surface.  In the reverse situation when the sample bias is positive with 
respect to the tip, then electrons tunnel from the tip to the sample thus sampling the 
empty states of the surface. 
 The tunneling current is very sensitive to the tip-sample spacing and the local 
density of electronic states (LDOS) of the sample.  If one considers the simple case of 
metal-vacuum-metal tunneling between two metals of similar work function, then one 
finds the expected result that the net tunneling current is zero with no bias applied 
between the two metals.  If a bias 
 
V  is applied between the metals, then a net tunneling 
current of electrons lying between 
 
EF " eV  and 
 
EF  occurs [43], where 
 
EF  is the Fermi 
level.  For the simplifying assumption of a square barrier and for a bias much smaller 
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than the work function of the metals, 
 
eV << " , and small enough that the variation in the 
LDOS is small, the tunneling current can be written as [43] 
 
 
I"V#S 0,EF( )e$2%W , (2.1) 
where 
 
"S 0,EF( )  is the LDOS of the sample near the Fermi level, the decay constant of 
the sample near the Fermi level is   
 
" = 2m# h2 , and W is the barrier width.  If W 
increases by 1 Å, then for a typical metal with a work function of approximately 4 eV the 
current will decay by approximately a factor of 7 [43].  Thus, the tunneling current is 
extremely sensitive to the tip-sample spacing and the LDOS of the sample.  This 
sensitivity of the current to the tip-sample spacing is the source of the sub-angstrom 
vertical resolution possible with STM. 
 The above simple model does not consider the tunneling rate of the electrons 
through the potential barrier, which should also affect the tunneling current.  The 
modified Bardeen transfer Hamiltonian method, which treats tunneling as a perturbation 
and uses Fermi’s golden rule [43], is a more realistic treatment of the tunneling problem.  
The states of both of the conductors are solved first and the tunneling rate is found using 
time-dependent perturbation theory.  Following this approach the amplitude of electron 
transfer given by the tunneling matrix M is [43] 
 
  
 
M = h
2m
"*
#$
#z
%$
#"*
#z
& 
' 
( 
) 
* 
+ z= z0, dS , (2.2) 
where ψ and χ are the wavefunctions of the sample and tip, respectively.  This tunneling 
matrix describes the energy lowering due to the interaction between the two states, in 
which ψ and χ are modified by the tip potential and the sample potential, respectively.  
The resulting tunneling current given by this method is given by [43] 
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I= 4"e
h
[ f (E f
#$
+$
% # eV + &) # f (E f + &)]'s(E f # eV + &)'T (E f + &)Mµ(
2
d& , (2.3) 
where 
 
f E( ) is the Fermi distribution function, 
 
V  is the potential bias between the tip and 
the sample, and 
 
"S  and 
 
"T  are the density of states (DOS) in the sample and tip, 
respectively [43].  By approximating the Fermi distribution function as a step for 
temperatures with corresponding energy, 
 
kBT , less than the energy resolution sought, the 
tunneling current reduces to [43] 
 
 
I" #S EF $ eV + %( )#T EF + %( )d%
0
eV
& ,  (2.4) 
which is a convolution of the DOS of the sample and the tip.   
 For higher bias voltages, the predictions of simple planar tunneling models using 
the Wentzel-Kramers Brillouin (WKB) approximation are useful.  In the WKB theory, 
the tunneling current is predicted to be [44] 
 
 
I = "S r,E( )"T r,E # eV( )T E,eV ,r( )dE0
eV
$ , (2.5) 
where 
 
"S  and 
 
"T  are the sample and tip DOS, respectively.  The tunneling transmission 
probability, T, is given by [44] 
 
  
 
T = exp " 2Z 2m
h
#S + #T
2
+
eV
2
" E
$ 
% 
& 
' 
( 
) , (2.6) 
where 
 
"S  and 
 
"T are the respective work functions of the sample and tip and Z is the tip-
sample spacing. 
These experiments were performed with the STM operating in the so-called 
“constant current” mode.  In this mode, the feedback electronics system adjusts the tip-
sample spacing to maintain the specified tunneling current setpoint as the tip rasters 
across the desired scan area.  If there is a protrusion on the surface with the same 
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electronic properties as the rest of the surface, then the tip retracts to maintain the same 
tip-sample spacing and thus the same current.  If there is a region with a reduced 
(increased) LDOS accessible to tunneling, then the tip will extend (retract) in order to 
maintain the same tunneling current.  By monitoring the change in tip-sample spacing as 
the tip is rastered across the scan area of the surface, one obtains a topographic image that 
indicates the spatial variation of the LDOS and the surface topography. 
 
2.1.2 Scanning Tunneling Microscope Setup 
 These experiments were performed using two ultrahigh vacuum scanning 
tunneling microscopes (UHV-STMs) of the Lyding-design [45], [46], with a base 
pressure of 5×10-11 Torr.  Figure 2.1 shows a cut-away three-dimensional CAD rendering 
of the Lyding-design microscope with the key components labeled.  Figures 2.2 and 2.3 
show the two microscopes used to collect the data described in this work, Chamber E and 
Chamber A, respectively.  For each microscope, the STM chamber, which houses the 
actual microscope assembly, can be isolated from the preparation chamber, using a UHV 
gate valve.  All sample preparation took place in the preparation chamber of the 
microscope used.  There is also a loadlock on each chamber, which is isolated from the 
preparation chamber by a UHV gate valve.  This prevents exposure of the preparation 
chamber to atmospheric pressures, thus keeping the chamber cleaner than if it were 
exposed to the ambient environment regularly.  Each chamber has a linear translation 
manipulator (LTM) that allows movement of samples and tips around the system.  Each 
chamber also has a dipstick, which has electrical feedthroughs enabling sample heating 
and rotation for sample degassing and surface preparation and cleaning.  The vacuum in 
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the system is maintained by a combination of ionization pumps, turbomolecular pumps, 
and roughing pumps.  Additionally, the vibration-isolation system suspending the stage 
on which the STM is mounted negates the need for a vibration isolation table and 
prevents external vibrations from the building, pumps, and other sources from coupling to 
the tip-sample junction.  The software running the STM was designed and written and is 
still maintained by Prof. Joseph Lyding.   
 
2.1.3 Cross-Sectional Scanning Tunneling Microscopy 
 Cross-sectional scanning tunneling microscopy (XSTM) is a variant of STM first 
demonstrated by Feenstra and Fein [47] in which the sample surface to be scanned is 
cleaved, generally in UHV, before scanning.  For materials such as GaAs and InAs that 
are difficult to prepare for STM, such a method allows access to the atomically clean 
(110) planes, which as described in Section 2.5.2 have a simple 1×1 surface 
reconstruction.  Additionally, this technique has been used to study the 2×1 surface 
reconstruction of Si(111) that occurs after cleaving [48].  Previous work from the 
Beckman STM Group, among others, has also studied buried III-V heterostructures by 
this method [49]. 
 
2.2 Scanning Tunneling Spectroscopy 
 Scanning tunneling spectroscopy (STS) is an extremely useful STM method, 
which allows one to collect detailed electronic information on the sample at the same 
scale of localization as that obtainable with the STM during scanning.  Generally, STS 
measurements attempt to probe the sample DOS, but Equations 2.3 – 2.5 show that the tip 
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DOS and several other parameters must be known to extract the DOS from the tunneling 
current.  However, under the assumption of a free-electron metal tip for which the DOS is 
constant, Equation 2.4 implies that [43] 
 
 
dI
dV
"#S EF $ eV( ). (2.7) 
Hence, the tunneling conductance (
 
dI dV ) is proportional to the sample DOS.   
 Following the WKB approach however, the relationship between the tunneling 
conductance and the LDOS is not so straightforward.  The derivative of Equation 2.5 
gives [44] 
 
 
dI
dV
= "S r,eV( )"T r,0( )T eV ,eV ,r( ) + "S r,E( )"T r,E # eV( )
dT E,eV ,r( )
dV
dE
0
eV
$ . (2.8) 
Since in the WKB approximation 
 
T  increases in a smooth, monotonic fashion for a fixed 
position, the structure in the 
 
dI dV  is usually assigned to the features from the DOS in 
the first term of the preceding equation [50].  However, the expression is still dependent 
on 
 
T .  Normalizing the 
 
dI dV by the ratio 
 
I V  can minimize the effect of the voltage 
dependence of 
 
T  and the influence of the tip-sample spacing.  Combining Equations 2.5 
and 2.8 gives the normalized tunneling conductance [51]: 
 
 
dI dV
I V
=
"S r,eV( )"T r,0( ) +
"S r,E( )"T r,E # eV( )
T eV ,eV ,r( )0
eV
$
dT E,eV ,r( )
dV
dE
1
eV
"S r,E( )"T r,E # eV( )
T E,eV ,r( )
T eV ,eV ,r( )
dE
0
eV
$
. (2.9) 
In their paper describing STS of Si(111) – 2×1 surface, Feenstra et al. [48] argued that the 
exponential dependencies of the 
 
T E,eV ,r( )  and 
 
T eV ,eV ,r( )  terms on the tip-sample 
spacing and 
 
V  tend to cancel since the two terms appear as ratios in Equation 2.9.  This 
cancellation reduces the expression in Equation 2.9 to the following form [44]: 
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dI dV
I V
=
d log I( )
d logV( )
=
"S r,eV( )"T r,0( ) + A V( )
B V( )
. (2.10) 
In the above expression, 
 
A V( ) describes the influence of the electric field in the tunneling 
gap on the decay length of the electron wavefunctions, and 
 
B V( )  normalizes 
 
T  over the 
DOS.  The structure in 
 
dI dV( ) I V( ) accurately reflects the sample DOS so long as 
 
A V( ) and 
 
B V( )  vary slowly with 
 
V . 
 In constant-spacing scanning tunneling spectroscopy (cs-STS), the tip stops 
scanning at the desired location to obtain an I-V curve.  The tip-sample spacing is 
adjusted to reach the desired initial current, which may differ from the scanning current 
setpoint, at a specified tip-sample bias.  In older control systems a sample-and-hold 
amplifier freezes the z-piezo feedback signal, which holds the tip-sample spacing 
constant by preventing the feedback system from changing the bias applied to the z-piezo 
[52]. Modern control systems use a digital feedback loop, which makes the former 
sample-and-hold operation trivial. The tip-sample bias is swept through the specified 
values, and the tunneling current is recorded.  Either numerical differentiation of 
 
I V( )  or 
lock-in detection can be used to find 
 
dI dV .  For the lock-in detection method, a small, 
high frequency sinusoidal modulation voltage is applied to the dc tip-sample bias during 
the bias sweep, and the ac component of the tunneling current is recorded using a lock-in 
amplifier.  The component of the ac signal in-phase with the tip-sample bias modulation 
gives 
 
dI dV  directly [50].   
 In a variant of STS called variable-spacing scanning tunneling spectroscopy (vs-
STS), a continuous linear ramp decreases the tip-sample spacing as the magnitude of the 
tip-sample bias is reduced.  This technique was first used in the study of antimony 
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overgrowth on the GaAs(110) surface by Mårtensson and Feenstra [53].  The reduction in 
tip-sample spacing for low tip-sample biases serves to increase the dynamic range of the 
tunneling current by increasing the tunneling transmission probability.  The relationship 
between the vs-STS data and the LDOS is not the same as that between cs-STS data and 
the LDOS; however, the data can be converted to constant spacing using the STM 
software or in MATLAB [54]. 
If the sample has an energy band gap, then one can determine the value of this 
gap at the location of the I-V measurement by plotting the obtained I-V curves on a semi-
log scale and observing the location of the noise-floor in the current signal.  One could 
determine the band gap from a linear plot of the I-V curve, but the log scale increases the 
sensitivity [55] and makes identification of the band edges easier.  The band edges of 
semiconducting features or surfaces can also be identified from the plot of 
 
dI dV  versus 
 
V  using the method of linear fits to the onset of the band edges [56]. 
 
2.3 STM Tip Preparation 
 A sharp conductive tip is crucial for STM.  The radius of curvature of the end of 
the tip determines the area of the sample to which tunneling can occur from the tip.   
Additionally, the density of states and work function of the tip influence the tunneling 
and the resolution.  However, all else held constant, a sharper tip will lead to a smaller 
sampling area of the surface for each data point and better resolution.  Since the geometry 
and structure of the end of the STM tips are so important for atomic resolution, a student 
from the STM Group, Scott Schmucker, has been developing a method of further 
sharpening tips by field-directed sputter sharpening (FDSS) [37].  Such tips have 
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produced nearly atomically precise patterns of H-desorption from the Si(100) – 2×1:H 
surface. 
Most of the tips used in this work were fabricated by electrochemical etching of 
polycrystalline W wire.  However, specially made W tips coated with a conductive, 
refractory ceramic material called hafnium diboride were also used for a portion of the 
data collection.  The W tips were electrochemically etched in 3 M NaOH solution made 
with ultra-high purity, deionized water with a resistivity of 18 MΩ-cm.  A gold ring 
served as the cathode, and the W wire was the anode.  A meniscus of the NaOH solution 
was suspended in the gold ring, the W wire was vertically inserted through the meniscus, 
and a bias in the range of 2 – 5 V was applied.  The lower portion of the W wire below 
the meniscus dropped off from the etching, and this portion was used as the STM tip.  
Following drop-off, the tips were rinsed in DI water and dried with nitrogen.  The tips 
were often characterized using transmission electron microscopy (TEM) following 
etching.  The tips chosen for use after TEM tended to have sharper apices and thinner 
layers of surface oxidation.  A representative TEM image of one of these 
electrochemically etched W tips and a schematic of the tip-etching setup are shown in 
Figure 2.4.  As previously mentioned, several of the tips used were further sharpened 
using FDSS [37].  This sharpening technique was also used to regenerate used tips after 
the imaging resolution had degraded.  Following the fabrication and characterization, the 
tips were degassed in UHV by heating for a period of 12 – 24 hours.   
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2.4 Dry Contact Transfer 
 Before studying graphene with STM in ultra-high vacuum, a method was needed 
to deposit graphene on surfaces that would not contaminate the clean semiconducting 
surfaces studied.  Most methods for obtaining graphene monolayers and bilayers rely on 
the micromechanical exfoliation technique [1] in which highly oriented pyrolitic graphite 
(HOPG) is cleaved using Scotch tape or photoresist to obtain micron-sized features, with 
some of these features being monolayers of graphene or having monolayer regions.  Such 
methods work for surfaces such as SiO2 and other insulators but are not compatible with 
the clean surfaces of GaAs (110), InAs (110), and Si(111)-7×7.  Thus, a technique was 
required that would not contaminate these surfaces while still producing mono- and bi-
layer graphene.  Prior work from the STM Group demonstrated that a dry contact transfer 
(DCT) method developed by Albrecht and Lyding [28] could deposit pristine single-
walled carbon nanotubes on Si(100) – 2×1, GaAs (110), and InAs (110) [29]  surfaces 
with no contamination.  This work motivated former graduate student Dr. Kyle Ritter to 
extend this DCT technique to deposit graphene monolayers, bilayers, and multi-layers 
onto Si(100) – 2×1:H surfaces [57].  This DCT method is a clean technique that requires 
no adhesives, photoresist, or solvents and thus is compatible with deposition onto 
atomically clean semiconductor surfaces in UHV.  Additionally for DCT of graphene 
onto Si(100) – 2×1:H surfaces, Dr. Ritter’s results showed that this method produced 
monolayer graphene approximately 80% of the time [57].  This DCT transfer technique 
was the method used to deposit graphene features onto the semiconductor surfaces in the 
work described in this thesis. 
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 The DCT applicators were fabricated by loading a braided, fiberglass sheath 
attached to an STM sample holder or an STM tip holder with exfoliated graphite powder 
from freshly cleaved ZYA-grade HOPG crystals.  By rubbing the HOPG crystal against 
an alumina crucible, a fine, black powder of graphite crystals was generated [57].  
Subsequently, this powder was loaded onto the fiberglass sheath from the crucible.  In an 
alternate version of this technique, the fiberglass sheath was rubbed directly on the face 
of the HOPG crystal held in an alumina crucible and any powder in the crucible resulting 
from this exfoliation was also loaded on the applicator.  After fabrication, physisorbed 
ambient molecules, such as water, were removed from the applicator by heating in UHV 
for 12 – 24 hours.  Following applicator degassing, graphene was transferred to the 
sample surface by gently contacting the sample and the applicator in the main chamber of 
the UHV-STM system.  This step was repeated many times to ensure a high density of 
graphene features and thus enable easier location of the features with the STM.  Figure 
2.5 shows an illustration of the DCT process created from an animation created by Prof. 
Joseph Lyding. 
 In the other variation of this technique, the graphite exfoliation was performed in 
situ in the preparation chamber of the STM system under UHV conditions.  For this 
variation, the fiberglass sheath applicator was degassed in the UHV-STM system for 12-
24 hours.  The source graphite crystal was mounted in an STM sample holder and 
degassed by direct current heating.  After degassing both the graphite source and the 
fiberglass applicator, the applicator was gently rubbed directly against the face of the 
graphite crystal to exfoliate graphite and graphene and load the applicator.  Subsequently, 
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graphene was transferred to the sample by gently contacting the sample surface with the 
applicator. 
 
2.5 Sample Preparation 
 All samples were pumped down in the loadlock chamber of the STM system used 
before transferring the samples to the sample preparation chamber.  All samples were 
degassed in the sample preparation chamber for 12 – 18 hours to desorb ambient 
molecules such as water before any further preparation of the sample surfaces. 
 
2.5.1 Hydrogen-Passivated Si(100) Samples 
 The studies of graphene on the hydrogen-passivated Si(100) surface were 
performed on B-doped p-type Si(100) samples with resistivity < 5 mΩ-cm.  The samples 
were degassed by direct current, Joule heating at 600 – 700 °C for 12 – 18 hours in the 
sample preparation chamber.  Following the degas, the samples were heated to 1200 °C 
for a total of 30 s to remove the native oxide from the Si surface and obtain a clean 
Si(100) surface with the 2×1 surface reconstruction.  The dangling bonds of the surfaces 
were passivated with hydrogen by annealing the sample in a hydrogen atmosphere at 
approximately 400 °C.  Molecular hydrogen was leaked into the chamber and atomic 
hydrogen was generated thermally using a tungsten filament heated to approximately 
1500 °C in line-of-sight of the sample surfaces.  A typical STM topograph of a hydrogen-
passivated Si(100) – 2×1 surface is shown in Figure 2.6.  The figure clearly shows the 
2×1 dimer surface reconstruction and the resulting dimer rows [35].  The inset of Figure 
2.6b shows the spatial-derivative of the topographic image from Figure 2.6a at higher 
 23 
magnification to more clearly illustrate the surface structure.  The images were provided 
courtesy of Scott W. Schmucker. 
 
2.5.2 Gallium Arsenide (110) and Indium Arsenide (110) Samples 
 The experiments on the GaAs(110) and InAs(110) surfaces were performed on 
surfaces cleaved in situ in the Chamber A UHV-STM system.  The samples were scribed 
from <100> orientation wafers.  In order to ensure a good-quality cleave, the samples 
were thinned to approximately 250 µm prior to mounting in the XSTM sample holder 
[54], [58], [59].  The samples were thinned using 400 grit SiC sandpaper and polished 
with 0.3 µm particle size alumina slurry.  The samples were scribed with a diamond 
scribe, which determines the location where the cleave begins.  For diagrams of the 
cleaving process and the XSTM sample holder design, and for an in-depth discussion of 
the sample mounting process, see Dr. Laura Ruppalt’s M.S. thesis [58] and Ph.D. 
dissertation [54] or Kevin He’s M.S. thesis [59].  The samples were degassed for the 
normal amount of time in the sample preparation chamber by heating the tungsten 
filament attached to the dipstick.  Special care was taken to ensure that the dipstick 
temperature, and thus the sample temperature, stayed below approximately 150 ºC to 
prevent melting of the indium solder fixing the sample in the XSTM sample holder.  
Following the sample degas, the samples were coated with titanium getter layer by 
thermally evaporating titanium from a filament mounted in the sample preparation 
chamber.  The sample was rotated on the dipstick during the coating to ensure uniform 
coverage of the sample.  Previous work from the STM Group has shown that such a 
titanium layer greatly increases the sample lifetime by preventing molecules from 
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diffusing to the sample surface on the sample holder [58].  After titanium coating, the 
samples were cleaved using the wobblestick in the main chamber housing the STM.   
 The natural cleavage plane of the III-V compound semiconductors is the (110) 
plane.  The bulk (110) planes of these semiconductors consist of alternating column III 
and column V elements arranged in zigzag chains.  After cleaving samples of III-V 
compound semiconductors, the surface exhibits a 1×1 surface reconstruction.  This 
reconstruction arises from charge transfer between the column III and the column V 
elements and causes the column V elements move up and the column III elements move 
down creating a buckling angle of 29º [35].  Figure 2.7 shows typical STM topographs 
taken on the GaAs (110) and the InAs (110) surfaces.   
 
2.5.3 Si(111) Samples 
 Experiments involving Si(111) surfaces were performed on B-doped p-type 
Si(111) substrates with resistivities between 5 mΩ-cm and 35 mΩ-cm.  All samples were 
degassed by Joule heating at 600 – 700 °C.  After degassing, the sample surfaces were 
prepared by direct current, Joule heating to a temperature in the range of 1200 – 1250 °C 
for a total time of 30 s.  This so-called flash served to remove the native oxide from the Si 
surface and to create the desired 7×7 surface reconstruction of the Si(111) surface.  The 
Si(111) – 7×7 is a complex surface reconstruction involving five atomic layers that 
reorder irreversibly after heating above 400 °C.  In fact, the structural determination of 
this complex surface reconstruction was one of the first major contributions of the STM 
to surface science studies helping lead to the dimer–adatom–stacking fault (DAS) model 
proposed by Takayanagi et al. in 1985 [31], and in [35].  Figure 2.8 shows typical STM 
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topographs of the Si(111) – 7×7 surface and the DAS model of the Si(111) – 7x7 unit 
cell.  The twelve adatoms per unit cell and the deep corner holes are well resolved in the 
STM topographs. 
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2.6 Figures 
 
 
 
Figure 2.1 A CAD rendering of the Lyding-design UHV-STM and sample holder 
showing the microscope cross-section. (1) Outer piezo tube (2) Inner piezo 
tube (3) Tip translation mechanism (4) Metallic tip (5) Sample (6) Sample 
holder (7) TiN-coated rails. (Rendering provided by Prof. Joseph Lyding) 
 
 
 
 
Figure 2.2 Picture of the Chamber E UHV-STM system where the experiments on 
Si(100)-2×1:H and Si(111)-7×7 surfaces were performed.  The main 
components of the system are labeled. 
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Figure 2.3 Picture of the Chamber A UHV-STM system where the experiments on the 
GaAs(110) and InAs(110) surfaces were performed.  The main components 
of the system are labeled. 
 
 
 
 
Figure 2.4 (a) Diagram of the electrochemical etching setup for making tungsten tips. 
(b) TEM image of an as-etched polycrystalline W tip without any additional 
processing before degassing and use in the STM. The contrast clearly shows 
the oxidation of the tip surface. 
 
 28 
 
 
Figure 2.5  CAD rendering illustrating the dry contact transfer process. (a) Sample and 
DCT applicator loaded with graphene before contact. (b) DCT applicator in 
contact with the sample in UHV transferring graphene to the surface.  
Images provided by Prof. Joseph Lyding.   
 
 
 
 
Figure 2.6  Typical STM images of the Si(100)–2×1:H surface after sample preparation. 
(a) STM topograph of a Si(100)–2×1:H surface showing the dimer row 
structure of the surface. (b) Current buffer from the same scan as (a).  Inset: 
higher magnification of the spatial derivative of the topograph in (a).  The 
yellow line indicates the dimer row direction.  The red box outlines a row of 
dimers.  The blue box indicates a single dimer. Images were provided 
courtesy of Scott W. Schmucker. 
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Figure 2.7 (a) STM topograph of p-type GaAs(110) surface showing the surface 
structure recorded with Kevin T. He. (b) STM topograph of a p-type 
InAs(110) surface showing the surface structure provided by Scott W. 
Schmucker and Kevin T. He. Inset: current buffer of the same InAs(110) 
surface for additional contrast. 
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Figure 2.8 STM images and model showing the structure of the Si(111) – 7×7 surface.  
The red diamonds on the STM topographs indicate the unit cell of the 
surface reconstruction. (a) STM topograph of a p-type Si(111) – 7×7 surface 
acquired under positive sample bias. (b) STM topograph of a p-type Si(111) 
– 7×7 surface acquired under negative sample bias. (c) High resolution STM 
topograph of a p-type Si(111) – 7×7 surface clearly showing the corner 
holes and 12 adatoms per surface unit cell. (d) The DAS model of the 
Si(111) – 7×7 surface reconstruction unit cell proposed by Takayanagi et al. 
in 1985 [31].  Reprinted from [31] with permission from Elsevier. 
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3. SCANNING TUNNELING MICROSCOPY OF GRAPHENE ON THE 
Si(100) AND GaAs(110) AND InAs(110) SURFACES  
 
3.1 Scanning Tunneling Microscopy of Graphene on the Si(100) – 2×1:H Surface 
 All of the STM work described in this section was performed in conjunction with 
former Beckman STM Group member Dr. Kyle Ritter who performed the vast majority 
of the work studying graphene on the Si(100) – 2×1:H surface; however, I did collect the 
data shown in this section with guidance from Dr. Ritter and from Prof. Lyding.  For a 
thorough description of all of the results obtained for graphene on the Si(100) – 2×1:H 
surface, see Kyle Ritter’s Ph.D. dissertation [60] or the paper published in Nature 
Materials in 2009 [61].  The DCT method described earlier was first demonstrated to 
create graphene monolayers, bilayers, and graphene nanoribbons and quantum dots on 
the Si(100) – 2×1:H surface in this work, which represented the first STM study of 
nanometer-sized graphene at the atomic-scale [57], [61].  The Si(100) – 2×1:H surface 
was initially chosen due to its relatively inert surface and the expectation that the surface 
would not appreciably modify the electronic properties of the graphene features to be 
studied.  Indeed, subsequent theoretical simulations for graphene nanoribbons and bulk 
graphene on the Si(100) – 2×1:H surface showed that the substrate did not alter the 
electronic structure of the graphene [62], [63]. 
 Figure 3.1 shows three graphene features after deposition on the Si(100) – 2×1:H 
surface by the DCT method.  The two smaller features are approximately 2 nm and 2.6 
nm in diameter.  Figure 3.1b shows the spatial derivative of the STM topograph shown in 
Figure 3.1a for added contrast.  Neither of the images shows signs of the graphene lattice.  
Figures 3.1c – 3.1e show higher resolution images of the graphene features from the same 
scan.  Although there is structure visible in the graphene features, they are too large to be 
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the graphene lattice.  This behavior and the lack of direct resolution of the graphene 
atomic lattice are consistent with the nanometer-sized graphene monolayer features 
studied on the Si(100) – 2×1:H surface [57], [61] where the graphene lattice was 
infrequently observed.  The results suggested that the observed structure was either 
intrinsic to the graphene or was induced by interference patterns from the edge structure 
of the graphene features [61].   
From the topographic line contours taken over the features as shown in Figure 
3.2, one can determine the relative height of the graphene features above the surface.  The 
contour in Figure 3.2b, shown in red in Figure 3.2a, taken over the smaller, upper 
graphene feature with an average approximate diameter of 2 nm shows that the feature 
had a relative height of 3.5 Å above the Si(100) – 2×1:H surface.  The contour in Figure 
3.2e, shown in yellow in Figure 3.2e, for the smaller, lower graphene feature shows a 
relative height of approximately 3.5 Å.  These values agree well with the expected 
distance for Van der Waal’s bonding and graphene-layer spacing in bulk graphite of 
3.354 Å [35].  The relative height of these features above the Si(100) surface and the lack 
of triangular superlattice, as observed for STM of graphite due to the Bernal-stacking of 
the graphene layers, indicates that these two features are indeed graphene monolayers.  
These relative spacings are also consistent with the other graphene monolayers observed 
on the Si(100) – 2×1:H surface [57], [61].  However, the two contours for the middle 
feature shown in Figure 3.2c, taken along the green line indicated Figure 3.2a, and Figure 
3.2d, taken along the blue line indicated in Figure 3.2a, show that the feature is non-
planar.  The relative height of the feature ranges from approximately 3 Å to 9.5 Å.  The 
smooth topography of the feature and the regions where the height is close to 3 Å indicate 
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that this feature likely consists of a monolayer of graphene draped (smoothly) over debris 
or a graphene feature that folded up on itself.   
Given the smaller, dot-like shape of two smaller graphene features from Figure 
3.1, we refer to them as graphene quantum dots.  Tunneling spectra were recorded for the 
two graphene quantum dots shown in Figures 3.1 and 3.2.  The spectra shown in Figure 
3.3a are the average of five I-V tunneling spectra recorded over the smaller, upper 
graphene feature shown in the inset and in Figures 3.1 and 3.2.  These spectra are plotted 
on a log-linear plot to assist in the identification of the energy band gap of the feature.  
The spectra shown indicate that the feature has an energy gap of 0.56 eV.  The spectra 
shown in Figure 3.3b are the average of eight I-V tunneling spectra recorded over the 
smaller, lower graphene feature shown in the inset and in Figures 3.1 and 3.2.  These 
spectra indicate an energy gap of 0.83 eV.  These spectra combined with the other data 
recorded for graphene monolayers described in the papers by Ritter and Lyding [57], [61] 
showed that the energy band gap of these nanometer-sized graphene features scaled 
proportionally to 
 
1 L , where L was the average minimum lateral dimension of the 
features. 
Dr. Ritter and Prof. Lyding also showed that the edge structure of these 
nanometer-sized graphene features or quantum dots influenced the electronic structure of 
the graphene, inducing a metallic electronic character near zigzag edges, and observed 
the decay of a zigzag edge state from the edge of a large graphene feature into the center 
of the feature [61].  Indeed, this work underscores the expected significance of the edges 
of graphene to the electronic structure and implies the need for atomically precise edges 
in order to obtain uniform characteristics for electronic devices based on graphene. 
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3.2 Scanning Tunneling Microscopy of Graphene on the III-V(110) Surfaces 
 Based upon the promising and exciting results achieved from the study of 
graphene on the Si(100) – 2×1:H surface and previous successful studies of single-walled 
carbon nanotubes (SWCNTs) on the UHV-cleaved GaAs(110) and InAs(110) surfaces, 
the STM studies of graphene were expanded to the UHV-cleaved III-V(110) surfaces.  
This work was conducted in conjunction with Kevin He, who is also a member of the 
Beckman STM Group.  The previous studies of SWCNTs on the UHV-cleaved 
GaAs(110) and InAs(110) surfaces conducted by Dr. Laura Ruppalt showed stronger 
interactions than for SWCNTs on the Si(100) – 2×1:H surface and effects such as 
preferential alignment and charge transfer [30]. 
 Figure 3.4 shows the first monolayer graphene feature found on GaAs(110).  The 
STM topograph is shown in Figure 3.4a, and the spatial derivative of the topograph taken 
to provide additional contrast is shown in Figure 3.4b.  Immediately, one notices that the 
graphene seems semi-transparent: the underlying atomic structure of the GaAs(110) 
surface is clearly resolved through the graphene layer.  This is in marked contrast to STM 
scans of graphene monolayers on the Si(100) – 2×1:H surface where substrate atomic 
detail was observed through the graphene very infrequently [60].  However as shown in 
Figure 3.5, subsequent scans of this feature did not exhibit the same semi-transparency 
consistently.  In the spatial derivative of the STM topograph shown in Figure 3.5a, one 
can clearly see that the structure on the graphene feature has a much finer period than the 
substrate atomic structure and appears to resemble the graphene lattice.  In fact the line 
contour taken along the red line indicated in Figure 3.5a and shown in Figure 3.5b shows 
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approximately 2.5 Å peak spacing corresponding to the atomic spacing along the zigzag 
directions of the graphene lattice.  However, closer inspection shows that there is still a 
small component of the substrate structure superimposed with the graphene structure on 
the feature. 
 Figure 3.6 shows an STM topograph (a) and the associated current image (b) of a 
different graphene monolayer on a GaAs(110) surface taken by Kevin He.  The semi-
transparency of the feature is quite clear, especially in the current buffer.  Additionally, 
there is a Moiré – like rippling of the feature with a larger period than that of the substrate 
structure.  This same semi-transparency behavior is also seen for graphene monolayers on 
InAs(110) surfaces.  Figure 3.7 shows an STM topograph of a graphene monolayer on a 
p-type InAs(110) surface provided courtesy of Kevin He.  The resolution of the substrate 
atomic structure through the graphene is so clear that neither the spatial derivative, nor 
the current image associated with this topograph, is needed to see it.  Indeed, the number 
of scans in which the graphene monolayers on GaAs(110) and InAs(110) surfaces were 
semi-transparent far exceeded the number of scans in which the semi-transparency was 
not observed [59], [64]. 
 In order to determine whether this semi-transparency was an electronic effect or a 
topographic effect, we took STM scans of the features and varied the tip-sample bias 
while keeping the position of the scan area fixed.  This so-called multi-bias or variable-
bias scanning is basically a form of STS, albeit slow, that allows one to analyze the 
electronic properties of the feature as a function of the energy associated with the tip-
sample bias.  Figure 3.8 shows just such a variable-bias study of the large, irregularly 
shaped graphene feature on a p-type GaAs(110) surface shown in Figure 3.8a.  Figures 
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3.8b – 3.8g are scans taken at the indicated tip-sample biases in the region highlighted in 
red in Figure 3.8a.  For a tip-sample bias of -2 V, one can clearly see that the topograph is 
a superposition of the underlying GaAs(110) surface and a finer structure.  The 
subsequent scans at lower tip-sample biases, Figures 3.8c – 3.8e, show that the 
contribution of the substrate atomic structure to the topograph decreases as the tip-sample 
bias decreases.  The scans of the feature taken at -0.9 V and -0.6 V, Figures 3.8f and 3.8g, 
respectively, show the resolution of the graphene lattice with little to no contribution of 
the substrate atomic structure to the tunneling signal.  Figure 3.9 shows the results of 
variable-bias scanning for a graphene monolayer on an InAs(110) surface also recorded 
by Kevin.  The STM topograph in Figure 3.9a shows the graphene feature.  The insets are 
the spatial derivative of the topograph shown for increased contrast.  They very clearly 
show that the substrate atomic structure seen in the spatial derivative of the substrate, 
highlighted in green, is the same as the structure seen through the graphene in the spatial 
derivative highlighted in red.  The smaller area scans shown in Figures 3.9b and 3.9c 
were recorded over the graphene feature in the region highlighted in red in Figure 3.9a.  
These current images clearly show that the dominant structure observed at large tip-
sample bias (+2 V) is that of the underlying InAs(110) surface and the dominant structure 
observed for small tip-sample bias (+0.018 V) is that of the graphene lattice.  These 
variable-bias STM results very clearly indicate that the semi-transparency of monolayer 
graphene on GaAs(110) and InAs(110) surfaces is an electronic effect and not a 
topographic effect, in which the features would have been conforming to the substrate 
atomic structure on that scale.   
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 Bilayer graphene features have also been observed on the GaAs(110) surface.  
Figure 3.10 shows two graphene features on a GaAs(110) surface.  The large feature on 
the left of the STM topograph, acquired by Kevin, is predominantly bilayer.  However, 
there is a small monolayer region near the bottom of the feature.  The other feature in the 
topograph is a small monolayer graphene feature.  The monolayer regions are encircled in 
blue, and part of the bilayer region is encircled in red.  The region of higher contrast in 
the middle of the figure is the current image from the same scan overlaid on the 
topograph for improved contrast.  One can very clearly see that the two monolayer 
regions are semi-transparent, and as such there is clear resolution of the substrate atomic 
structure through these graphene regions.  However, there is no evidence of the substrate 
atomic structure visible in the bilayer graphene regions.  Hence, the semi-transparency of 
graphene on the III-V(110) surface is an electronic effect limited to monolayers.   
 Prior STM studies of graphene grown by thermal desorption of silicon on the 4H-
SiC(0001) surfaces demonstrated the ability to image a superposition of the interface 
structure beneath the synthesized graphene and the graphene lattice itself [65].  The DFT 
simulations described in that work indicated that the origin of the effect for epitaxially 
grown graphene on SiC was the energy-dependence of the DOS of the graphene and the 
SiC.  This bias-dependence of the transparency observed for the epitaxial graphene on 
SiC(0001) system is essentially the same as that for graphene monolayers on the III-
V(110) surfaces.  Hence, we expect that the origin of the semi-transparency for graphene 
monolayers on the III-V(110) surfaces is also due to the dominance of the graphene DOS 
in the tunneling current for small tip-sample biases and the dominance of the substrate 
DOS in the tunneling current for larger tip-sample biases.  Density functional theory 
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simulations for the graphene on the III-V(110) system to verify the origin of the semi-
transparency and predict other electronic effects, if any, are currently in progress.  The 
initial results obtained by our collaborator from Georgia Tech, Dr. Salvador Barraza-
Lopez, indicate that the GaAs(110) has a very minimal effect on the graphene and that 
there are no covalent bonds formed between the two, despite the clean surface of the 
GaAs [64].   
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3.3 Figures 
 
 
 
Figure 3.1 (a) An STM topograph showing three different graphene features on a 
Si(100) – 2×1:H surface. (b) Spatial derivative of the topograph in (a) to 
facilitate additional contrast. (c) The smaller upper feature from (a) and (b) 
is approximately 2 nm wide. (d) The smaller lower feature from (a) and (b) 
is slightly larger than 2 nm wide. (e) Higher resolution image of the middle 
feature from (a) and (b) showing non-planar topography. Adapted by 
permission from Macmillan Publishers Ltd: Nature Materials [61], 
copyright 2009. 
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Figure 3.2 Line contours taken on the features from Figure 3.1. (a) The lines indicate 
the locations of the line contours displayed in (b)–(e).  (b) The top line 
contour taken over the smaller, upper graphene feature indicating a relative 
height of approximately 3.5 Å above the silicon substrate. (c) The top, green 
line contour taken over the middle feature showing a wide range of relative 
heights from approximately 3–9.5 Å.  (d) The lower, blue line contour taken 
over the middle feature also showing the non-planar topography of the 
feature. (e) The yellow line contour taken over the smaller, lower graphene 
feature indicating a relative height of approximately 3 Å. 
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Figure 3.3 I-V tunneling spectroscopy data recorded for the two smaller monolayer 
graphene features shown in Figures 3.1 and 3.2. (a) Average of five I-V 
spectra recorded on the small, upper graphene feature showing an energy 
band gap of approximately 0.56 eV.  Inset: STM topograph of the graphene 
feature. (b) Average of eight I-V spectra recorded on the small, lower 
graphene feature showing a larger energy band gap of approximately 0.83 
eV.  Inset: STM topograph of the graphene feature. Adapted by permission 
from Macmillan Publishers Ltd: Nature Materials [61], copyright 2009. 
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Figure 3.4 First graphene monolayer feature found on p-GaAs(110). (a) STM 
topograph of the feature showing clear evidence of the substrate surface 
structure through the graphene. (b) Spatial derivative of the STM topograph 
for added contrast to show the substrate atomic structure clearly resolved 
through the graphene layer. Adapted with permission from [64]. Copyright 
2010 American Chemical Society. 
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Figure 3.5 Subsequent STM scan of the feature shown in Figure 3.4. (a) Spatial 
derivative of an STM topograph of the feature shown for the added contrast. 
In contrast with Figure 3.4, the substrate atomic structure is superimposed 
with the graphene lattice. (b) Line contour take on the STM topograph as 
indicated by the red line in (a). The contour very clearly shows a 2.5 Å 
spacing indicative of the zigzag directions of the graphene lattice. 
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Figure 3.6 A subsequent graphene feature found on n-GaAs(110). (a) STM topograph 
of feature with the scan parameters indicated. (b) Current buffer from the 
same scan clearly showing the resolution of the substrate atomic structure 
through the graphene layer. Images provided courtesy of Kevin He. 
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Figure 3.7 STM topograph of a graphene monolayer on a p-type InAs(110) surface. 
The scan clearly shows the resolution of the atomic structure of the 
InAs(110) substrate through the graphene. Image provided courtesy of 
Kevin He.  
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Figure 3.8 Illustration of the dependence of the ability to resolve the substrate atomic 
structure through the graphene on the tip-sample bias. All the scans were 
taken with a 50 pA tunneling current setpoint. (a) STM topograph of a large 
graphene monolayer feature on p-type GaAs(110). The red square indicates 
the location on the feature of the STM topographs displayed in (b) – (g). (b) 
Smaller area STM topograph taken in the area indicated in (a) showing a 
superposition of the graphene structure and the underlying atomic structure 
of the GaAs(110) surface. (c) STM topograph of the same area as (b) 
recorded at a tip-sample bias of -1.8 V still showing a superposition of the 
substrate and graphene structure. (d) STM topograph recorded at -1.5 V tip-
sample bias showing reduction in substrate contribution to the superposition 
of the graphene and substrate structures. (e) STM scan recorded at -1.2 V 
showing a suppression of the substrate atomic structure relative to the 
graphene structure. (f) At -0.9 V, almost no substrate atomic structure is 
resolved, and the graphene lattice is the dominant structure in the topograph. 
(g) For a tip-sample bias of -0.6 V, the topograph only shows the 
honeycomb structure of the graphene lattice. Adapted with permission from 
[64]. Copyright 2010 American Chemical Society. 
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Figure 3.9 Dependence of the semi-transparency of a graphene monolayer on a p-
InAs(110) surface on the tip-sample bias. (a) STM topograph of a graphene 
monolayer feature on p-type InAs(110). The inset areas are the spatial 
derivative of the scan area with the green square outlining the derivative 
over the substrate and the red square outlining the derivative over the 
graphene feature. Notice that the substrate atomic structure is clearly 
resolved over both the substrate and the graphene monolayer. (b) A smaller 
STM topograph of the graphene region highlighted in red in (a) recorded at 
a tip-sample bias of +2 V. There is no evidence of the graphene lattice, just 
that of the InAs(110) substrate. (c) STM topograph of the same region 
shown in (b) recorded at +0.018 V tip-sample bias provided courtesy of 
Kevin He. The structure observed is clearly that of the graphene lattice, with 
no evidence of the underlying InAs(110) surface. Adapted with permission 
from [64]. Copyright 2010 American Chemical Society. 
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Figure 3.10 STM scan of a two graphene features on GaAs(110). The larger feature has 
a bilayer region highlighted in red and a small monolayer region circled in 
blue. The smaller graphene feature on the left circled in blue is a monolayer. 
The inset contrast is the current image showing very clearly that while the 
monolayer regions are semi-transparent, there is no evidence of the substrate 
atomic structure visible through the bilayer region of the larger graphene 
feature. Adapted with permission from [64]. Copyright 2010 American 
Chemical Society. 
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4. SCANNING TUNNELING MICROSCOPY OF GRAPHENE ON Si(111) – 7×7 
SURFACES 
 
4.1 Motivation for Studying Graphene on Si(111) – 7×7 Surfaces 
 As mentioned in the introductory material, an understanding of the electronic and 
topographic properties of graphene on the atomic scale will help facilitate any attempts to 
incorporate graphene into future nanoelectronic devices, and the graphene-substrate 
interaction plays a critical role in determining these properties [22]-[24].  We chose to 
study graphene on the clean Si(111) – 7×7 surface due to the high density of dangling 
bonds present on this surface, the larger topographic modulation than the Si(100) – 2×1, 
GaAs(110), and InAs(110) surfaces, and the highly ordered, well-characterized surface 
structure.  This highly ordered, well characterized surface structure distinguishes the 
study of graphene on Si(111) – 7×7 surfaces from studies of graphene on SiO2 and SiC.  
The SiO2 surfaces on which graphene has been studied have had larger topographic 
modulations than those present on Si(111) – 7×7 surfaces, but the SiO2 surfaces lack the 
order present in the Si(111) – 7×7 surfaces, making it difficult to fully understand the 
graphene-substrate interaction.  The SiC surfaces on which graphene has been studied 
have possessed a reasonably high density of dangling bonds, but have lacked the highly 
ordered and well-understood surface structure that Si(111) – 7×7 surfaces possess. The 
relative ease of preparing a Si(111) sample to obtain the 7×7 surface reconstruction in our 
UHV system and our prior success in using the DCT method to transfer graphene to 
semiconductor surfaces in UHV were also motivating factors. 
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4.2 Monolayer Graphene on Si(111) – 7×7 Surfaces 
 The first scans of a graphene monolayer feature on the Si(111) – 7×7 surface 
immediately showed that the atomic structure of the substrate was very clearly resolved 
through the graphene feature, similar to the semi-transparency effect for graphene on the 
GaAs(110) and InAs(110) surfaces [64] described earlier.  A quintessential STM 
topograph of a graphene feature on this surface that clearly demonstrates the crystal 
clarity with which the substrate structure is resolved through the graphene is shown in 
Figure 4.1.  Were it not for the few small protrusions on this 27 nm-long graphene feature 
it would appear almost as a shadow.  The ordering of the Si(111) – 7×7 surface unit cells 
underneath the graphene feature is the same as that of the surrounding substrate.  
However, there is some damage to the surface reconstruction in the vicinity of the feature 
on the left.  The DCT process occasionally leaves damage marks on the Si(100) – 2×1:H 
surface after deposition, and the disorder present in the STM topograph shown in Figure 
4.1 likely has the same cause.   
 As mentioned, the graphene feature shown in Figure 4.1 is a prime example of an 
STM topograph of graphene on the Si(111) – 7×7 surface.  Several different graphene 
features found on this surface are shown in Figure 4.2.  For each of the five features 
shown in the figure, the substrate atomic structure beneath the graphene is just as clearly 
resolved as it was for the feature shown in Figure 4.1.  The lateral extent of these features 
ranges from approximately 8 nm by 12 nm for the feature shown in Figure 4.2c to on the 
order of 90 nm by 90 nm for the feature shown in Figure 4.2b.  Hence, this transparency 
effect for graphene on the Si(111) – 7×7 surface does not depend on the lateral size of the 
features.  For the feature shown in Figure 4.2b, note that the main feature has a rather 
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large wrinkle near the bottom-right corner of the scan.  The same large feature is draped 
over a smaller feature near the upper-left of the main feature creating a bilayer or trilayer 
graphene feature locally.  The features shown in Figures 4.2b and 4.2d also appear to 
have very straight edges, indicating that they may have armchair or zigzag edge 
symmetry with possible long-range order.   
 Just as with the graphene features on the Si(100) – 2×1:H, GaAs(110), and 
InAs(110) surfaces, topographic line contours taken over the features allow the 
determination of the relative height of the graphene features above the substrate surface.  
Figure 4.3a shows an STM topograph of the feature shown in Figure 4.1 and part of 
another small monolayer feature.  The red line in Figure 4.3a indicates the location on the 
feature and the substrate of the line contour shown in Figure 4.3b.  As indicated by the 
dashed lines on the plot of the line contour, the relative height of this graphene feature 
above the Si(111) – 7×7 surface is approximately 1.3 Å.  This value is significantly less 
than the spacing between graphene layers in bulk graphite [35] and the relative height of 
monolayer graphene on the Si(100) – 2×1:H surface [57], which are both approximately 
3–3.5 Å.  The relative height is also smaller than the average height measured for 
graphene monolayers on the GaAs(110) and InAs(110) surfaces [64].  
 Similar to Figure 4.3, Figure 4.4a shows an STM topograph of the feature from 
Figure 4.2d with a spatial derivative inset for additional contrast.  As with the other 
monolayer graphene features on the Si(111) – 7×7 surface, the atomic structure of the 
substrate directly beneath the graphene is very clearly resolved through the graphene.  
The red line in Figure 4.4a indicates the location on the feature and the substrate of the 
line contour shown in Figure 4.4b.  The line contour has an overall small slope due to 
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imperfect plane subtraction from the STM topograph.  The horizontal dashed lines in 
Figure 4.4b serve as guides to illustrate where the relative height was measured.  This 
graphene feature has a relative height above the Si(111) – 7×7 surface of approximately 
1.7 Å.  As with the graphene feature shown in Figure 4.3, the relative height of the 
graphene feature in Figure 4.4 above the Si(111) – 7×7 surface is much less than the 
graphene layer spacing in bulk graphite and the relative heights of monolayer graphene 
on the Si(100) – 2×1:H [57], GaAs(110) [64], and InAs(110) [64] surfaces. This smaller 
spacing indicates that the interaction between monolayer graphene and Si(111) – 7×7 
surfaces is stronger than the interaction between monolayer graphene and the Si(100) – 
2×1:H, GaAs(110), and InAs(110) surfaces. 
 As with the monolayer graphene features studied on the GaAs(110) and 
InAs(110) surfaces discussed in Chapter 3, we sought to determine whether the semi-
transparency of monolayer graphene on Si(111) – 7×7 surfaces was an electronic effect 
or a topographic effect.  Similarly, we recorded STM scans of the features at different tip-
sample biases while keeping the position of the scan area relative to the feature 
approximately fixed and maintaining the same tunneling current setpoint.  Figure 4.5 
shows a multi-bias study of the monolayer graphene feature shown in Figure 4.5a.  The 
setpoint current was 10 pA for all of the STM scans in Figure 4.5.  The STM scans 
comprising Figures 4.5b – 4.5f were recorded only over the graphene feature in the 
region outlined by the green box in Figure 4.5a.  The STM topograph shown in Figure 
4.5b recorded at +1.5 V tip-sample bias clearly shows that no graphene lattice is resolved 
or discernable.  However, the underlying atomic structure of the substrate is clearly 
resolved, including the regions where there are adatom vacancies in the Si(111) – 7×7 
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surface reconstruction.  There are also protrusions in the upper-right and bottom-right 
corners of the scan.  These protrusions could be wrinkles or ripples in the graphene 
monolayer feature, or the graphene feature could be draped over some small underlying 
debris.  These protrusions and adatom vacancies are important in the analysis of the 
feature.  Figures 4.5c and 4.5d show a subsequent STM topograph recorded at +0.5 V and 
the spatial derivative of the topograph, respectively.  With the added contrast of the 
spatial derivative in Figure 4.5d, we can see some very slight evidence of the graphene 
lattice in the region of the protrusion in the upper-right corner and over some of the 
adatom vacancies.  Note that the protrusion present in the bottom-right corner of Figure 
4.5b is not present in Figures 4.5c and 4.5d.  There was some slight piezo creep during 
the acquisition of these scans, which means that the location of the scan area relative to 
its initial location over the graphene monolayer feature moved very slightly (less than 1 
nm) between the scans.   
Figures 4.5e and 4.5f show an STM topograph and its accompanying spatial 
derivative recorded over the same feature at +0.2 V, respectively.  At this smaller tip-
sample bias, the STM clearly resolves the graphene lattice in the regions circled in Figure 
4.5f.  The circled region on the right half of the scan corresponds to the protrusion 
previously mentioned.  The two regions on the left half of the scan correspond to regions 
of the graphene feature that lie over an area of the substrate missing multiple adatoms 
from the Si(111) – 7×7 surface reconstruction.  There is no resolution of the graphene 
lattice at any tip-sample bias over regions where there is only a single adatom or no 
adatoms missing from the surface reconstruction.  This behavior differs from that of 
monolayer graphene on the GaAs(110) and InAs(110) surfaces [64] and monolayer 
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graphene grown epitaxially on the SiC(0001) surface [65].  As discussed earlier, for those 
systems the STM resolves a superposition of the graphene lattice and the substrate atomic 
structure beneath the graphene, with the substrate structure dominant at energies far from 
the Fermi level and the graphene structure dominant at energies near the Fermi level.   
  
4.3 Bilayer Graphene on Si(111) – 7×7 Surfaces 
 We have also studied bilayer graphene features on the Si(111) – 7×7 surface.  
Figure 4.6a shows an STM topograph of a predominantly bilayer graphene feature on the 
Si(111) – 7×7 surface.  The spatial derivative of this topograph is shown in Figure 4.6b 
for added contrast.  This graphene feature has a rather large wrinkle near the top of the 
feature and has many small ripples in the flatter regions of the feature such as near the 
center of the feature.  The feature appears to lie draped over two smaller features on the 
right side leading to regions with more than two graphene layers.  Similarly, the bottom 
part of the feature appears to be draped over another small feature.  Furthermore, the very 
small region at the top of the feature appears to be monolayer.  Figures 4.6c and 4.6d 
show a smaller STM topograph of only the top half of the feature and its respective 
spatial derivative.  The spatial derivative more clearly shows the ripples and the wrinkle 
in the feature.  While not apparent in the STM scans depicted in Figure 4.6, the STM 
scans in the subsequent figures will show that bilayer graphene is also semi-transparent 
on the Si(111) – 7×7 surface.   
 For bilayer graphene on the Si(100) – 2×1:H surface, the spacing between the 
graphene layers was approximately the same as the relative spacing between monolayer 
graphene and the Si(100) – 2×1:H surface [57].  This is not necessarily the case with 
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bilayer graphene on the Si(111) – 7×7 surface.  Figure 4.7a shows an STM topograph of 
the lower half of the same feature shown in Figure 4.6.  The red line indicates the 
location of the line contour shown in Figure 4.7b on the graphene and the substrate.  The 
line contour shows that the relative height of this bilayer graphene feature above the 
Si(111) – 7×7 surface is approximately 5.0 Å, which is much greater than the relative 
height of monolayer graphene above the Si(111) – 7×7 surface.  Assuming that the 
relative height of the first graphene layer above the substrate is approximately 1.5 Å, as 
with the features shown in Figures 4.3 and 4.4, this implies that the spacing between the 
first graphene layer and the second graphene layer is approximately 3.5 Å.  The center 
region of the feature that corresponds to the left end of the line contour is approximately 
3.5 Å taller than the main bilayer region of the feature.  This indicates that the feature 
over which this bilayer graphene feature is draped is likely a monolayer and lends support 
to the inference that spacing between the first and the second graphene layers in the 
bilayer feature is roughly 3.5 Å.  Regardless of the interlayer spacing of bilayer graphene 
on the Si(111) – 7×7 surface, the measured heights indicate that the feature is 
predominantly bilayer graphene with a small possible trilayer region near the center of 
the lower half of the feature.   
 While bilayer graphene on the GaAs(110) and InAs(110) surfaces is not semi-
transparent, bilayer graphene on the Si(111) – 7×7 surface is semi-transparent.  Figure 
4.8a shows an STM topograph of the upper region of the feature shown in Figures 4.6 
and 4.7 recorded at +1.6 V and a current setpoint of 50 pA.  The corresponding current 
image is inset in the red box for additional contrast, which clearly shows the resolution of 
the structure of the substrate beneath the bilayer graphene feature.  As with monolayer 
 56 
graphene on the GaAs(110), InAs(110), and Si(111) – 7×7 surfaces, we recorded STM 
scans at many different tip-sample biases and a fixed tunneling current setpoint to study 
its effect on the ability to resolve the substrate atomic structure through the feature.  All 
the scans of this multi-bias study used a tunneling current setpoint of 50 pA.  Figure 4.8b 
shows the current image from an STM scan recorded at a smaller tip-sample bias of +1.1 
V only over the bilayer graphene feature in the region outlined by the red square in 
Figure 4.8a.  Despite the imperfect condition of the tip and some noise in the scan, the 
image shows a superposition of the graphene lattice and the adatoms of the underlying 
Si(111) – 7×7 surface.  Already this behavior is quite different from that of monolayer 
graphene on the Si(111) – 7×7 surface.  Figure 4.8c shows the current image of an STM 
scan of the same region as that shown in Figure 4.8b but recorded at a tip-sample bias of 
+0.14 V.  There was some slight piezo creep or thermal drift between the scans on the 
order of 1 nm.  This current image in Figure 4.8c clearly shows a superposition of the 
graphene lattice with some of the adatoms from the underlying Si(111) – 7×7 surface.  
Only the graphene lattice is seen in the regions that correspond to ripples in the feature.  
This resolution of a superposition of the graphene lattice and the underlying atomic 
structure of the substrate is very similar to the behavior observed in our group’s study of 
monolayer graphene on the GaAs(110) and InAs(110) surfaces [64] and that of ‘layer 1’ 
of epitaxial graphene grown the SiC(0001) surface as studied by Rutter and collaborators 
[65].  
The red line in Figure 4.8c indicates one of the zigzag symmetry directions of the 
graphene lattice, and the green line indicates one of the dimer row directions of the 
Si(111) – 7×7 reconstructed surface.  The angle between these two directions is 
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approximately 28°, thus indicating that the armchair symmetry directions of the graphene 
lattice are aligned within approximately 2° of the dimer row directions of the Si(111) – 
7×7 reconstructed surface.  This close alignment between the dimer row directions of the 
Si(111) surface reconstruction and the armchair direction of the graphene lattice for this 
feature may indicate the existence of an energy-minimizing preferential alignment 
between the graphene lattice and the Si(111) – 7×7 reconstructed surface.   
 
4.4 Scanning Tunneling Spectroscopy of Monolayer Graphene on Si(111) – 7×7 
In addition to studying graphene on the Si(111) – 7×7 surface with STM scans 
and variable-bias STM scanning, we have also acquired STS data for some of these 
graphene features in order to study their electronic structure and further study the 
graphene-substrate interaction.  All of these features have had minimum lateral 
dimensions greater than 10 nm, and theory predicts that such graphene features are 
metallic or semiconducting with a band gap smaller than the thermal energy at room 
temperature [17], [18], [66].  In corroboration of the theoretical predictions, all of the 
STS data that we have recorded on these features has been metallic.   
Figure 4.9 shows STS data representative of all of the monolayer graphene 
features studied thus far.  The STM topograph shown in Figure 4.9a is a small scan of the 
right end of the same feature shown in the STM scan in Figure 4.4a.  The inset region in 
Figure 4.9a is the spatial derivative of the same scan, which was added for better contrast 
and to show the semi-transparency of the feature.  This ribbon-like feature is 
approximately 17.1 nm wide and 78 nm long.  Theory [17], [18], [66] and the 
experimental data for graphene on Si(100) – 2×1:H [61] predict that such a feature should 
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have no band gap.  Indeed as shown in Figure 4.9b, the average of the STS spectra 
recorded along the line drawn in Figure 4.9a are clearly metallic.  Furthermore, the 
spectra are very uniform along the entire line of spectra.   
As described in section 3.1, we found that monolayer graphene on the Si(100) – 
2×1:H surface has a size-dependent energy band gap [61].  While we have found a few 
small monolayer graphene features on the Si(111) – 7×7 with dimensions similar to 
graphene features on the Si(100) – 2×1:H surface that had band gaps, we were not able to 
take STS data for these features due to tip issues or the inability to relocate the features.  
Determining if the graphene-substrate interaction for the Si(111) – 7×7 surface induces 
metallic behavior in graphene features that should be small enough to have a 
confinement-induced band gap [61] or causes the band gap to narrow is an outstanding 
goal.  Furthermore, detailed analysis of the
 
dI dV( ) I V( ), or normalized conductance, to 
determine the influence of the Si(111) – 7×7 substrate on the graphene LDOS is in 
progress.  More dense, spatially resolved spectra are also being studied to determine if 
there is a difference between the graphene in the vicinity of an adatom from the Si(111) – 
7×7 surface reconstruction and the graphene suspended over the corner hole from the 
same reconstruction or over vacancies in the underlying surface reconstruction.   
 
4.5 Simulations of Monolayer Graphene on Si(111) – 7×7 
Simulations of the graphene on Si(111) – 7×7 system using density functional 
theory are in progress in conjunction with our collaborator at Georgia Tech, Dr. Salvador 
Barraza-Lopez, and another student in the STM Group, Joshua Wood.  The simulation 
techniques are essentially the same as those in use for simulating graphene on GaAs(110) 
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as described in Chapter 3.  Preliminary results for one alignment of the graphene lattice 
and the Si(111) – 7×7 surface show that no covalent bonds form between the graphene 
and the Si(111) – 7×7 surface in the fully relaxed structure.  This result contradicts one of 
the possible explanations for the transparency of monolayer graphene on the Si(111) – 
7×7 surface at all tip-sample biases.  However, the formation of covalent bonds between 
the graphene and the Si(111) – 7×7 surface may depend on the relative alignment of the 
graphene lattice with the substrate surface reconstruction.  Calculation of the electronic 
structure for the converged case and simulations for alternative alignments of the 
graphene lattice and the Si(111) – 7×7 surface unit cell are ongoing.
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4.6 Figures 
 
 
 
 
Figure 4.1 A graphene monolayer approximately 27 nm long found on a Si(111) – 7×7 
surface.  The resolution of the substrate atomic structure underneath the 
graphene is immediately noticeable. This resolution of the underlying 
atomic structure of the substrate beneath the graphene is characteristic of 
STM images of graphene monolayers on this surface. 
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Figure 4.2 Several different graphene monolayer features on Si(111) – 7×7 clearly 
illustrating the visibility of the substrate atomic structure through the 
graphene. (a) STM topograph of a small graphene monolayer on a p-type 
Si(111) – 7×7  surface. (b) A very large graphene monolayer crossing steps 
in the Si(111) – 7×7 surface and draped over a smaller feature. (c) A very 
small graphene monolayer draped over a set of steps in the surface. (d) A 
graphene monolayer approximately 78 nm long and 17 nm wide crossing 
steps on the surface. (e) A section of a different graphene monolayer.   
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Figure 4.3 (a) An STM topograph of showing two graphene monolayer features on the 
Si(111) – 7×7 surface. (b) The line contour taken on the STM topograph as 
indicated by the red line in (a).  The contour shows that the relative height 
above the substrate of the monolayer graphene feature on the left in (a) is 
approximately 1.3 Å. 
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Figure 4.4 (a) STM topograph of the same graphene feature depicted in Figure 4.2(d) 
with spatial derivative of the topograph overlaid for contrast. (b) The line 
contour taken along the red line as indicated in (a). The relative height of the 
feature above the substrate is approximately 1.7 Å.   
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Figure 4.5 Illustration of the effect of the tip-sample bias on the ability to resolve the 
substrate atomic structure through the graphene. (a) Graphene monolayer 
feature from Figure 4.1. The green square indicates the location on the 
feature of the subsequent scans displayed in (b) – (f). (b) Smaller area STM 
topograph recorded at +1.5 V. (c) STM topograph of the same area recorded 
at +0.5 V and (d) the corresponding spatial derivative of the topograph. (e) 
STM topograph of the same area and (f) its corresponding spatial derivative 
recorded at +0.2 V. Notice the appearance of the graphene lattice at low bias 
in the regions circled in purple, but not in the other regions. 
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Figure 4.6 (a) An STM topograph of a graphene feature on the Si(111) – 7×7 surface. 
The feature is predominantly bilayer, but it also appears to be draped over a 
smaller feature near the bottom of the scan leading to a trilayer region.  
There is also a small monolayer section at the very top of the feature.  
Additionally, the graphene appears rippled with a wrinkle near the top as 
well. (b) The spatial derivative of the same feature from (a) shown for added 
contrast. (c) A smaller STM topograph of only the top half of the feature 
clearly shows the wrinkle in the graphene feature.  (d) The spatial derivative 
of the topograph shown in (c) more clearly shows the ripples and the 
wrinkle in the feature.   
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Figure 4.7 (a) This STM topograph of the lower half of the feature from Figure 4.6 
clearly shows the wrinkles in the feature and the region where it is draped 
over a smaller graphene feature. (b) This line contour taken along the red 
line in (a) indicates that the relative height of the main part of the feature is 
approximately 5 Å. The smaller graphene layer underneath the main feature 
increases the relative height of the feature by approximately 3.5 Å.  Given 
the heights measure for graphene monolayers on Si(111) – 7×7 surfaces, the 
heights measured here confirm that the feature is predominantly bilayer 
graphene with a small trilayer region.   
 67 
 
 
Figure 4.8 This figure shows the dependence on tip-sample bias of the semi-
transparency of a graphene bilayer on the Si(111) – 7×7 surface. (a) An 
STM topograph of the upper region of the feature shown in Figures 4.6 and 
4.7 with the current image inset for contrast. (b) Current image of a smaller 
STM scan of the graphene feature taken in the region outlined in red in (a).  
(c) Current image of an STM scan of the same area as that in (b) recorded at 
a smaller tip-sample bias. The graphene structure dominates the 
superposition of the substrate atomic structure and the graphene structure for 
small tip-sample biases, while the substrate structure dominates for larger 
tip-sample biases. The red line in (c) indicates one of the zig-zag directions, 
and the green line indicates one of the dimer row directions of the Si(111) – 
7×7 surface. The tunneling current setpoint for these scans was 50 pA. 
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Figure 4.9 (a) An STM topograph of the graphene monolayer feature previously shown 
in Figure 4.2(d) and Figure 4.4(a) with the spatial derivative of the 
topograph inset for contrast.  (b) The average of I-V spectra recorded along 
the red line shown in (a) clearly shows the metallic electronic character of 
the feature.   
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5. SUMMARY AND FUTURE WORK 
5.1 Summary 
 The use of the DCT technique pioneered by Albrecht and Lyding [28] and 
extended to graphene by Ritter and Lyding [57] allowed the use of STM and STS to 
probe the graphene-substrate interaction for nanometer-sized graphene on 
semiconducting substrates in UHV.  The graphene-substrate interaction for the surfaces 
used in this study varied from generally quite inert and non-perturbing for the Si(100) – 
2×1:H surface [61], [63] to strongly interacting for the Si(111) – 7×7 surface.  The non-
perturbing nature of the graphene-substrate interaction for Si(100) – 2×1:H surfaces 
allowed the study of the innate electronic properties of nanometer-sized monolayer and 
bilayer graphene [57], [61] and the observation of the finite energy band gap for the two 
small monolayer graphene features described in Chapter 3 and shown in Figures 3.1, 3.2, 
and 3.3.  The band gaps observed for these two graphene features contributed to the 
derivation of the 
 
1 L-scaling of the band gap of nanometer-sized graphene monolayers, 
where L is the average minimum lateral dimension of the monolayer graphene feature 
[61].   
The graphene-substrate interaction was expected to be stronger for graphene on 
GaAs(110) and InAs(110) surfaces.  Lending support to this expectation, there was a tip-
sample bias-dependent, semi-transparency effect for graphene monolayer features on 
these surfaces, where the atomic structure of the substrate beneath the graphene was 
clearly resolved through the graphene monolayer feature.  This effect was quite similar to 
that observed for graphene grown on the SiC(0001) surface [65].  Bilayer graphene 
features on these surfaces did not exhibit this same effect.  Multi-bias imaging of 
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graphene monolayers on this surface showed that the effect is electronic in origin and not 
a physical deformation of the graphene to the underlying GaAs(110) or InAs(110) 
lattices.  Despite the expectation of a more perturbative graphene-substrate interaction, 
simulations underway have shown that the GaAs(110) surface has little effect on the 
graphene, and no covalent bonds form between the two [64].  However, the graphene-
GaAs(110) equilibrium spacing is smaller than that for graphene on Si(100) – 2×1:H 
surfaces [59], [64].  
The studies of graphene on the Si(100) – 2×1:H, GaAs(110), and InAs(110) 
surfaces described above suggested the extensions of that work to the Si(111) – 7×7 
surface.  The larger topographic modulations and high density of dangling bonds present 
on this surface enabled this study of graphene on a more perturbative, but still highly 
ordered and well-studied, surface.  The DCT process was compatible with this surface as 
well and allowed the deposition of monolayer, bilayer, and thicker layer graphene 
features on the Si(111) – 7×7 surface.  While the number of features studied on this 
surface was less statistically significant than the full statistics gathered for graphene on 
the Si(100) – 2×1:H [60], GaAs(110), and InAs(110) [59], [64] surfaces, the monolayer 
graphene features studied thus far on the Si(111) – 7×7 surface have all had a smaller 
relative spacing between the graphene and the substrate.  This suggested that the 
graphene-substrate interaction for graphene on the Si(111) – 7×7 surface was stronger 
than that for the other surfaces mentioned, as we initially expected.   
Similar to monolayer graphene on the GaAs(110) and InAs(110) surfaces, 
monolayer graphene on the Si(111) – 7×7 surface was semi-transparent with the substrate 
atomic structure of the substrate clearly resolved through the graphene.  However, this 
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effect occurred at all tip-samples biases except where there was a protrusion in graphene 
or a vacancy in the underlying Si(111) – 7×7 surface reconstruction.  This differed 
considerably from the behavior of monolayer graphene on GaAs(110) and InAs(110), 
where such transparency was seen only at energies far from the Fermi level, and the 
graphene lattice was resolved at energies closer to the Fermi level [59], [64].  This 
behavior was also very different from that of graphene grown on the SiC(0001) surface 
[65].  
In contrast with bilayer graphene on GaAs(110) and InAs(110), bilayer graphene 
on Si(111) – 7×7 also showed a semi-transparency effect.  Unlike monolayer graphene on 
this same surface, the degree of transparency depended on the tip-sample bias.  At larger 
tip-sample biases far from the Fermi level, the substrate atomic structure beneath the 
bilayer graphene feature was clearly visible.  For tip-sample biases near the Fermi level, 
the tip resolved a superposition of the graphene lattice and some of the adatoms from 
substrate reconstruction beneath the feature.  This behavior was very similar to that of 
monolayer graphene features on GaAs(110) and InAs(110)  surfaces [59], [64] and the 
so-called ‘layer 1’ of graphene grown on SiC(0001) [65].  
All of the monolayer graphene features studied with STS thus far on the Si(111) – 
7×7 surface have had minimum dimensions greater than 10 nm, and all were metallic.  
During these experiments, we located a few monolayer graphene features with lateral 
dimensions small enough that they should have had band gaps.  However, tip issues and 
an inability to relocate the features after resolving the tip issues prevented studying the 
electronic structure of these features with STS.  Studying such features will be a focus of 
future work continuing this study.  Further detailed analysis of the STS data to search for 
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spatial variations across the features in the 
 
log I( ) vs.V and the normalized conductance, 
 
dI dV( ) I V( ) , to help determine the influence of the graphene-substrate interaction on 
the LDOS of graphene on the Si(111) – 7×7 surface are in progress. 
 
5.2 Future Work 
 While the work described in this thesis represents a good start, much work will be 
required to fully understand the graphene on Si(111) – 7×7 system.  The simulations 
underway of the monolayer graphene on Si(111) – 7×7 system suggest that there is a 
possible orientation-dependence of the formation of covalent bonds between the graphene 
and the Si surface.  Completing these simulations will further our understanding of the 
graphene-substrate interaction for this system and complement the experimental data 
obtained.  Furthermore, more scans of monolayer graphene features on the Si(111) – 7×7 
surface at small tip-sample biases are necessary to determine if the behavior of the feature 
described in Chapter 4 was universal for monolayer graphene on this surface, related to 
the tip resolution, or related to the relative alignment of the graphene with the underlying 
Si(111) – 7×7 surface reconstruction.  Along this line, location and study of more bilayer 
graphene features on the Si(111) – 7×7 surface are necessary to verify the behavior of the 
one bilayer feature studied thus far.   
 Further study the electronic structure of both monolayer and bilayer graphene 
features on the Si(111) – 7×7 surface using STS is necessary to fully understand the 
nature of this particular graphene-substrate interaction.  More STS data and analysis, 
including CITS, comparing regions of the graphene suspended over adatom vacancies or 
the corner holes of the underlying Si(111) – 7×7 surface reconstruction with the adjacent 
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graphene could help determine the differences, if any, in the LDOS of those regions of 
graphene.  If the perturbation to the electronic structure of the graphene due to the 
interaction with the Si(111) – 7×7 surface is strong, say due to covalent bonding between 
the two, then there should be a marked difference between the LDOS of the “suspended” 
graphene and the rest of the graphene feature.   
Theoretical simulations have predicted that monolayer graphene on the clean 
Si(100) – 2×1 surface forms covalent bonds to the Si surface and that small, 
semiconducting monolayer graphene QDs become metallic when on this surface [62], 
[63].  If the study of small, monolayer graphene QDs that would be expected to have a 
band gap based on the scaling for those on the Si(100) – 2×1:H surface [60], [61] shows 
that they all have metallic character, then the theoretical work mentioned suggests that 
the monolayer graphene forms covalent bonds with the Si(111) – 7×7 surface.  However 
if such monolayer graphene QDs on the Si(111) – 7×7 surface had a band gap, then we 
could conclude that covalent bonds between the two likely do not form and that the 
graphene-substrate interaction is weak enough not to induce mid-gap states.  Since such 
information would greatly assist in the determination of the graphene-substrate 
interaction for graphene on the Si(111) – 7×7 surface, this is an important direction to 
pursue.  This material would also provide a useful comparison for the theoretical 
calculations already in progress for monolayer graphene on the Si(111) – 7×7 surface.     
Recently, the use of nanowire (NW) lithography has shown the ability to create 
graphene nanoribbons (GNRs) with widths as narrow as 6 nm [67], [68].  As previously 
demonstrated, monolayer graphene QDs possess a band gap that scales inversely with the 
minimum lateral dimension [60], [61].  These two results suggest a detailed STS study of 
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the electronic structure of GNRs to determine the dependence and variability of the band 
gaps on the local edge structure and the possibly varying width of the GNRs.  Such a 
study would have direct implications for the possible integration of graphene as the 
channel of future transistors.  Furthermore, depositing GNRs fabricated using NW 
lithography on a Au surface could possibly enable the resolution of the precise edge 
structure of the GNRs.  If such resolution could be obtained, then it would allow a direct 
comparison of the edge structure to the LDOS and bad gap of the ribbon, as suggested. 
 75 
REFERENCES 
[1]  K. S. Novoselov et al., "Electric field effect in atomically thin carbon films," 
Science, vol. 306, no. 5996, pp. 666-669, Oct. 22, 2004.  
 
[2]  K. Chang, "Thin carbon is in: Graphene steals nanotubes' allure," The New York 
Times, sec. F, p. 2, April 10, 2007. 
 
[3]  C. Binns, "Ditching silicon: Graphene sheets could trump silicon for fast, small 
devices," Popular Science, vol. 273, no. 4, p. 60, Oct. 2008.  
 
[4]  A. K. Geim and K. S. Novoselov, "The rise of graphene," Nature Materials, vol. 6, 
no. 3, pp. 183-191, March 2007.  
 
[5]  K. I. Bolotin et al., "Ultrahigh electron mobility in suspended graphene," Solid State 
Communications, vol. 146, no. 9-10, pp. 351-355, June 2008.  
 
[6]  S. V. Morozov et al., "Giant intrinsic carrier mobilities in graphene and its bilayer," 
Physical Review Letters, vol. 100, no. 1, p. 016602, Jan. 2008.  
 
[7]  J. Chen, C. Jang, S. Xiao, M. Ishigami, and M. S. Fuhrer, "Intrinsic and extrinsic 
performance limits of graphene devices on SiO2," Nature Nanotechnology, vol. 3, 
no. 4, pp. 206-209, April 2008.  
 
[8]  K. S. Novoselov et al., "Room-temperature quantum Hall effect in graphene," 
Science, vol. 315, no. 5817, p. 1379, March 9, 2007.  
 
[9]  A. A. Balandin et al., "Superior thermal conductivity of single-layer graphene," 
Nano Letters, vol. 8, no. 3, pp. 902-907, March 2008.  
 
[10]  A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, 
"The electronic properties of graphene," Reviews of Modern Physics, vol. 81, no. 1, 
pp. 109-162, Jan.-March 2009.  
 
[11]  N. W. Ashcroft and N. D. Mermin, Solid State Physics. New York, NY: Holt, 
Rinehart and Winston, 1976. 
 
[12]  J. C. Charlier, P. C. Eklund, J. Zhu, and A. C. Ferrari, "Electron and phonon 
properties of graphene: Their relationship with carbon nanotubes," in Topics in 
Applied Physics, vol. 111, Carbon Nanotubes: Advanced Topics in Synthesis, 
Structure, Properties and Applications, A. Jorio, G. Dresselhaus, and M. S. 
Dresselhaus, Eds. Berlin, Germany: Springer, 2008, pp. 673-709. 
 
[13]  P. Avouris, Z. Chen, and V. Perebeinos, "Carbon-based electronics,"  Nature 
Nanotechnology, vol. 2, no. 10, pp. 605-615, Oct. 2007.  
 
 76 
[14]  T. Ohta, A. Bostwick, T. Seyller, K. Horn, and E. Rotenberg, "Controlling the 
electronic structure of bilayer graphene," Science, vol. 313, no. 5789, pp. 951-954, 
Aug. 18, 2006.  
 
[15]  E. V. Castro et al., "Biased bilayer graphene: Semiconductor with a gap tunable by 
the electric field effect," Physical Review Letters, vol. 99, no. 21, p. 216802, Nov. 
23, 2007.  
 
[16]  Z. Chen, Y. Lin, M. J. Rooks, and P. Avouris, "Graphene nano-ribbon electronics," 
Physica E: Low-Dimensional Systems and Nanostructures, vol. 40, no. 2, pp. 228-
232, Dec. 2007.  
 
[17]  Y. Son, M. L. Cohen, and S. G. Louie, "Energy gaps in graphene nanoribbons," 
Physical Review Letters, vol. 97, no. 21, p. 216803, Nov. 24, 2006.  
 
[18]  K. Nakada, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, "Edge state in 
graphene ribbons: Nanometer size effect and edge shape dependence," Physical 
Review B, vol. 54, no. 24, pp. 17954-17961, Dec. 15, 1996.  
 
[19]  M. Y. Han, B. Özyilmaz, Y. Zhang, and P. Kim, "Energy band-gap engineering of 
graphene nanoribbons," Physical Review Letters, vol. 98, no. 20, p. 206805, May 
18, 2007.  
 
[20]  L. Brey and H. A. Fertig, "Electronic states of graphene nanoribbons studied with 
the Dirac equation," Physical Review B, vol. 73, no. 23, p. 235411, June 15, 2006.  
 
[21]  D. Querlioz et al., "Suppression of the orientation effects on bandgap in graphene 
nanoribbons in the presence of edge disorder," Applied Physics Letters, vol. 92, no. 
4, p. 042108, Jan. 28, 2008.  
 
[22]  S. Y. Zhou et al., "Substrate-induced bandgap opening in epitaxial graphene," 
Nature Materials, vol. 6, no. 10, pp. 770-775, Oct. 2007.  
 
[23]  P. Shemella and S. K. Nayak, "Electronic structure and band-gap modulation of 
graphene via substrate surface chemistry," Applied Physics Letters, vol. 94, no. 3, p. 
032101, Jan. 19, 2009.  
 
[24]  T. A. G. Eberlein, R. Jones, J. P. Goss, and P. R. Briddon, "Doping of graphene: 
Density functional calculations of charge transfer between GaAs and carbon 
nanostructures," Physical Review B, vol. 78, no. 4, p. 045403, Jul. 15, 2008.  
 
[25]  M. Ishigami, J. H. Chen, W. G. Cullen, M. S. Fuhrer, and E. D. Williams, "Atomic 
structure of graphene on SiO2," Nano Letters, vol. 7, no. 6, pp. 1643-1648, June 
2007.  
 
 77 
[26]  E. Stolyarova et al., "High-resolution scanning tunneling microscopy imaging of 
mesoscopic graphene sheets on an insulating surface," Proceedings of the National 
Academy of Sciences, vol. 104, no. 22, pp. 9209-9212, May 29, 2007.  
 
[27]  Y. Zhang et al., "Giant phonon-induced conductance in scanning tunnelling 
spectroscopy of gate-tunable graphene," Nature Physics, vol. 4, no. 8, pp. 627-630, 
Aug. 2008.  
 
[28]  P. M. Albrecht and J. W. Lyding, "Ultrahigh-vacuum scanning tunneling 
microscopy and spectroscopy of single-walled carbon nanotubes on hydrogen-
passivated Si(100) surfaces," Applied Physics Letters, vol. 83, no. 24, pp. 5029-
5031, Dec. 15, 2003.  
 
[29]  L. B. Ruppalt, P. M. Albrecht, and J. W. Lyding, "Atomic resolution scanning 
tunneling microscope study of single-walled carbon nanotubes on GaAs(110)," 
Journal of Vacuum Science & Technology B, vol. 22, no. 4, pp. 2005-2007, July 
2004.  
 
[30]  L. B. Ruppalt and J. W. Lyding, "Charge transfer between semiconducting carbon 
nanotubes and their doped GaAs(110) and InAs(110) substrates detected by 
scanning tunnelling spectroscopy," Nanotechnology, vol. 18, no. 21, p. 215202, 
May 30, 2007.  
 
[31]  K. Takayanagi, Y. Tanishiro, S. Takahashi, and M. Takahashi, "Structure analysis 
of Si(111)-7 × 7 reconstructed surface by transmission electron diffraction," Surface 
Science, vol. 164, no. 2-3, pp. 367-392, Dec. 2, 1985.  
 
[32]  G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, "Tunneling through a controllable 
vacuum gap," Applied Physics Letters, vol. 40, no. 2, pp. 178-180, Jan. 15, 1982.  
 
[33]  G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, "Surface studies by scanning 
tunneling microscopy," Physical Review Letters, vol. 49, no. 1, pp. 57-61, July 5, 
1982.  
 
[34]  G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, "7 x 7 reconstruction on Si(111) 
resolved in real space," Physical Review Letters, vol. 50, no. 2, pp. 120-123, Jan. 
10, 1983.  
 
[35] K. Oura, V. G. Lifshits, A. A. Saranin, A. V. Zotov, and M. Katayama, Surface 
Science: An Introduction. Berlin-Heidelberg, Germany: Springer-Verlag, 2003. 
 
[36]  J. W. Lyding, T. C. Shen, J. S. Hubacek, J. R. Tucker, and G. C. Abeln, "Nanoscale 
patterning and oxidation of H-passivated Si(100)-2×1 surfaces with an ultrahigh 
vacuum scanning tunneling microscope," Applied Physics Letters, vol. 64, no. 15, 
pp. 2010-2012, 1994.  
 
 78 
[37]  S. W. Schmucker, "Sharpening of conductive nanoprobes for scanning tunneling 
microscopy by field-directed sputter sharpening," M.S. thesis, University of Illinois 
at Urbana-Champaign, Urbana, IL, 2009.  
 
[38]  W. J. Kaiser and L. D. Bell, "Direct investigation of subsurface interface electronic 
structure by ballistic-electron-emission microscopy," Physical Review Letters, vol. 
60, no. 14, pp. 1406-1409, April 4, 1988.  
 
[39]  G. Gammie, J. S. Hubacek, S. L. Skala, R. T. Brockenbrough, J. R. Tucker, and J. 
W. Lyding, "Scanning tunneling microscopy of the charge-density wave in 
orthorhombic TaS3," Physical Review B, vol. 40, no. 17, pp. 11965-11968, Dec. 15, 
1989.  
 
[40]  G. Gammie, J. S. Hubacek, S. L. Skala, R. T. Brockenbrough, J. R. Tucker, and J. 
W. Lyding, "Scanning tunneling microscopy of NbSe3 and orthorhombic TaS3," 
Physical Review B, vol. 40, no. 14, pp. 9529-9532, Nov. 15, 1989.  
 
[41]  R. Shankar, Principles of Quantum Mechanics. New York, NY: Plenum Press, 
1994. 
 
[42]  J. Tersoff and N. D. Lang, "Theory of scanning tunneling microscopy," in Scanning 
Tunneling Microscopy, J. A. Stroscio and W. J. Kaiser, Eds. Boston, MA: 
Academic Press, 1993, pp. 1-29. 
 
[43]  C. J. Chen, Introduction to Scanning Tunneling Microscopy. New York: Oxford 
University Press, 1993. 
 
[44]  R. J. Hamers and D. F. Padowitz, "Methods of tunneling spectroscopy with the 
STM," in Scanning Probe Microscopy and Spectroscopy: Theory, Techniques, and 
Applications, 2nd ed., D. A. Bonnell, Ed. New York, NY: Wiley-WCH, Inc., 2001, 
pp. 59-110. 
 
[45]  J. W. Lyding, S. Skala, J. S. Hubacek, R. Brockenbrough, and G. Gammie, 
"Variable-temperature scanning tunneling microscope," Review of Scientific 
Instruments, vol. 59, no. 9, pp. 1897-1902, Sept. 1988.  
 
[46]  R. T. Brockenbrough and J. W. Lyding, "Inertial tip translator for a scanning 
tunneling microscope," Review of Scientific Instruments, vol. 64, no. 8, pp. 2225-
2228, Aug. 1993.  
 
[47]  R. M. Feenstra and A. P. Fein, "Surface morphology of GaAs(110) by scanning 
tunneling microscopy," Physical Review B, vol. 32, no. 2, pp. 1394-1396, July 15, 
1985.  
 
 79 
[48]  R. M. Feenstra, J. A. Stroscio, and A. P. Fein, "Tunneling spectroscopy of the 
Si(111)2 × 1 surface," Surface Science, vol. 181, no. 1-2, pp. 295-306, March 1, 
1987.  
 
[49]  S. L. Skala, W. Wu, J. R. Tucker, J. W. Lyding, A. Seabaugh, E. A. Beam, III, and 
D. Jovanovic, "Interface characterization in an InP/InGaAs resonant tunneling 
diode by scanning tunneling microscopy," Journal of Vacuum Science and 
Technology B, vol. 13, no. 2, pp. 660-663, March 1995. 
 
[50]  R. Wiesendanger, Scanning Probe Microscopy and Spectroscopy: Methods and 
Applications. Cambridge, England: Cambridge University Press, 1994. 
 
[51]  R. J. Hamers, "STM on semiconductors," in Scanning Tunneling Microscopy I, H.-
J. Güntherodt and R. Wiesendanger, Eds. Berlin, Germany: Springer-Verlag, 1992, 
pp. 83-129. 
 
[52]  S. Park and R. C. Barrett, "Design considerations for an STM system," in Scanning 
Tunneling Microscopy, J. A. Stroscio and W. J. Kaiser, Eds. Boston, MA: 
Academic Press, 1993, pp. 31-76. 
 
[53]  P. Mårtensson and R. M. Feenstra, "Geometric and electronic structure of antimony 
on the GaAs(110) surface studied by scanning tunneling microscopy," Physical 
Review B, vol. 39, no. 11, pp. 7744-7753, April 15, 1989.  
 
[54]  L. B. Ruppalt, "Integration of single-walled carbon nanotubes with gallium 
arsenide(110) and indium arsenide(110) surfaces : a scanning tunneling microscopy 
study," Ph.D. dissertation, University of Illinois at Urbana-Champaign, Urbana, IL, 
2007.  
 
[55]  J. A. Stroscio and R. M. Feenstra, "Methods of tunneling spectroscopy," in 
Scanning Tunneling Microscopy, J. A. Stroscio and W. A. Kaiser, Eds. Boston, 
MA: Academic Press, Inc., 1993, pp. 96-147. 
 
[56]  R. M. Feenstra, "Tunneling spectroscopy of the (110) surface of direct-gap III-V 
semiconductors," Physical Review B, vol. 50, no. 7, pp. 4561-4570, Aug. 15, 1994.  
 
[57]  K. A. Ritter and J. W. Lyding, "Characterization of nanometer-sized, mechanically 
exfoliated graphene on the H-passivated Si(100) surface using scanning tunneling 
microscopy," Nanotechnology, vol. 19, no. 1, p. 015704, Jan. 9, 2008.  
 
[58]  L. B. Ruppalt, "Cross-sectional scanning tunneling microscopy study of single-
walled carbon nanotubes on the gallium arsenide (110) and indium arsenide (110) 
surfaces," M.S. thesis, University of Illinois at Urbana-Champaign, Urbana, IL, 
2004.  
 
 80 
[59]  K. T. He, "Atomic-scale studies of nanometer-sized graphene using scanning 
tunneling microscopy on III-V semiconductor surfaces," M.S. thesis, University of 
Illinois at Urbana-Champaign, Urbana, IL, 2009.  
 
[60]  K. Ritter, "Atomic-scale characterization of nanometer-sized graphene," Ph.D. 
dissertation, University of Illinois at Urbana-Champaign, Urbana, IL, 2009.  
 
[61]  K. A. Ritter and J. W. Lyding, "The influence of edge structure on the electronic 
properties of graphene quantum dots and nanoribbons," Nature Materials, vol. 8, 
no. 3, pp. 235-242, March 2009.  
 
[62]  Y. Xu, K. He, S. Schmucker, J. Koepke, J. Wood, J. W. Lyding, and N. R. Aluru, 
"Electronic properties of graphene adsorbed on silicon (100) substrates inducing 
electronic changes in graphene through substrate modification," in preparation, 
2010.  
 
[63]  Y. Xu, "Electrostatic analysis of nanoelectromechanical systems," Ph.D. 
dissertation, University of Illinois at Urbana-Champaign, Urbana, IL, 2009.  
 
[64]  K. T. He, J. C. Koepke, S. Barraza-Lopez, and J. W. Lyding, "Separation-dependent 
electronic transparency of monolayer graphene membranes on III-V semiconductor 
substrates," Nano Letters, vol. 10, no. 9, pp. 3446-3452, Sept. 2010.  
 
[65]  G. M. Rutter et al., "Imaging the interface of epitaxial graphene with silicon carbide 
via scanning tunneling microscopy," Physical Review B, vol. 76, no. 23, p. 235416, 
Dec. 15, 2007.  
 
[66]  P. Shemella, Y. Zhang, M. Mailman, P. M. Ajayan, and S. K. Nayak, "Energy gaps 
in zero-dimensional graphene nanoribbons," Applied Physics Letters, vol. 91, no. 4, 
p. 042101, July 23, 2007.  
 
[67]  J. Bai, X. Duan, and Y. Huang, "Rational fabrication of graphene nanoribbons using 
a nanowire etch mask," Nano Letters, vol. 9, no. 5, pp. 2083-2087, May 2009.  
 
[68]  A. Fasoli, A. Colli, A. Lombardo, and A. C. Ferrari, "Fabrication of graphene 
nanoribbons via nanowire lithography," Physica Status Solidi (b), vol. 246, no. 11-
12, pp. 2514-2517, Dec. 2009.  
